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FOREWORD

A significant portion of the research described herein, conducted by

AeroJet-General Corporation, Liquid Rocket Operations, was performed under

NASA Contract NAS 3-2555 with Messrs. R. G. Willoh and J. M. Ladd, Chemical

Rocket Division, NASA Lewis Research Center, as Technical Managers. Some of

the data presented herein was generated as part of other Aerojet-General

Programs. h_rep?rt .............was origlnally_..... issued a____s_sAe_-_Q_Re_or__No_

8800-39, 30 June_
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ABSTRACT

This report is a compilation of surveys nnd investLgations of static and

dynamic seals as well as joints that wure performed over a seven-year period.

The report is divided into three basic sections: static seals; small tubing

joints; and dynamic seals.

The static seals section contains pertinent and often forgo! ten design

information for static joints, requLru_ fnst _i I ,I:i_,n :_ml h:ind I [,,_:pro,'_M,res

for tile seals and flanges, and the results oi L,'st:_ ,:_,n,iuc_,d _,,,tt,,_i[llerent

types of gaskets and joints. It deals primarily with lightweight joint

designs larger than 1.00-in. sizes.

The small tubing joint section deals primarily with tubing connections

of l. O0-1n. size and smaller. Welded, brazed, swaged, as well n_ tho l,ro-

prietary and military standard connections are discussed. The results of

tests conducted with these connections are included.

The dynamic seal section discusses sliding and rotating shaft and piston

seals for running speeds of 1000-in. per minute or less. Test results are

included for the seal designs tested.
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I. SUMMARY

This report presents the results of surveys, analysis, and evaluation

tests conducted with static and dynamic seals as well as joints over a span

of approximately seven years. The work was porformed in conjunction with

various liquid rocket engine contracts for th_ Air Force and NASA as well as

company-funded projects. This report was written under a NASA contract

(NAS 3-2555) for tile M-I Engine. Also, much of the evaluation testing

included was accomplished under this NASA M-I contract.

The report is subdivided into three basic sections; static seals, small

tubing joints, and dynamic seals. Each section contains information pertain-

ing to good joint design, data to assist in selecting the proper seal and

Joint configurations, some pertinent and often forgotten "do's" and "don'ts"

in joint design, and the results of evaluation tests with many types of gas-

kets, seals, and joints.

A. STATIC SEALS

The basic requirement for a static seal (gasket) is plastic (or

elastic) flow of the gasket material to fill the asperities of the mating

surfaces to the extent necessary to satisfy the allowable leakage of the

system fluids at all operating and environmental conditions of the joint.

Gasket selection is based upon the leakage requirement, fluid compatibility,

fluid permeability, possible electrolytic corrosion problems, as well as other

factors. Then, the flanges and fasteners are designed and constructed to make

the best use of the gasket. The selection factors for the gasket, the vari-

ables encountered in the joint design, gasket capabilities, and loading

requirements are detailed in this report. The requirements for proper joint

assembly procedures as well as the necessary handling and packaging to prevent

damage to the gasket and mating flange surfaces are also discussed.

The results of evaluation tests of many different types of gaskets _2_._'

and joints indicate that some proprietary designs have lower leakage rate _/]
capabilities and better flange deflection capabilities than others for (" _

specific applications. However, the best gasket selection for aerospace c _ /f)_j_.service is one that will provide less than the allowable maximum leakage rate o L

of the system fluid with the lightest weight joint design.z The lowest leakage ,,

rates for a given application can be obtained with a flat gasket design, but

the weight penalty is nearly always excessive, particularly with the larger

joint designs. Thus, the need for the "light-loading" proprietary gasket

designs is well established. However, the problem of damaged or dirty mating

flange surfaces is greatly aggravated by the use of these gaskets because of

the narrow width of the sealing interface.

The relative helium leak rate capabilities determined from the

tests at different operating and environmental conditions are presented for

the joint designs using the proprietary gaskets.



B. SMALL TUBING JOINTS

The small tubing joints are treated as a separate entity (although

they are static sealed joints) because they are usually threaded coupling

joints and these present their own unique problems. The small tubing joints

are more easily welded, brazed, or swaged where "zero" leakage is required and

they should be used if at all possible. These welded and brazed joints are

lighter in weight and can provide the lowest leakage rates of any of the small
tubing joints.

Where threaded connections are necessary or desir;ible, the basic

requirements for sealing are the same as for the static sealed joints. The

proprietary threaded connections offer one important advantage over the flared

and flareless tube connections in that they contain only one sealed joint

(rather than two) for each connection. The disadvantages of the proprietary

connections are that each half of the connection (each flange) must be welded,

brazed, or swaged to the tube or component and usually, the male flange (with

exposed male threads) must be mounted on the component. A more detailed dis-

cussion of the advantages and problems of the various types of small tubing
connections is presented in the text.

The relative helium leakage rate capabilities of the proprietary

and standard ("AN" and "MS") connections tested are presented in the text.

C. DYNAb[I C SEALS

While the different types of dynamic seals are discussed, this

section deals primarily with rubbing "contact" seals (sliding and rotating)

for surface speeds of less than 1000-in.-per-minute.

The basic requirement for a "zero" leakage dynamic seal is the

same as the static seal (complete plastic f]ow or deformation of the seal to

the mating surfaces), except that this condition must be maintained with rela'

tive motion between the seal and mating surface. However, this is not

possible because the mating surface would have to be perfectly smooth ("zero"

RMS surface finish) to prevent shearing of the sealing interface at either

the start of motion or during motion. Therefore, the dynamic joint design is

the result of compromises between permissible leakage rates, joint life, and

many other factors that affect these two variables. "Zero" leakage can be

attained using sliding shaft seal designs with bellows or diaphragms. The

requirements, variables, and compromises necessary for a dynamic joint design
are discussed in detail in the text.

The results of tests with two types of dynamic (sliding and shaft)
seals are also presented.

2
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II. INTRODUCTION

"Leakin_ _oints" and "le-U_-,_ --_ I ,, ....
_ o _ _-5 _uals are tne pre_omlnant problems

[requently remaining with fluid systems after all development work with the

aerospace hardware is completed and the components are ready for production.

There appears to be two basic reasons for this condition. Sealed joints have

never been required to do so much with so little weight (Boiler Code flanges

eliminate many of the variables encountered in lightweight flanges because

of their heavier construction). Secondly, there is insufficient joint design

data _available concerning the selected gasket, seal, or joint for tile designer

to _a a thorough study of the joints during the initial design stage.

i_ _i_ _ The intent and purpose of this report is to provide current joint
_- design information for the various gasket and seal designs tested. Considering

b _ the number o_ variables involved in joint designs (there are approximately

1.0 X i022 _ossible variables and combinations of variables), it would seem

.....impossible to provide all the necessary design information. However, by

standardizing certain variables, such as groove machining requirements (i.e.,

depth tolerances, diameter tolerances, surface finish and flatness), the

variations in other areas (i.e., allowab;e flnnge deflections and distortions),

and gasket loading can be determined. With this type of information available,

the designer is able to make the best gasket selection for a particular appli-

cation. He is also able to design the other parts of the joint to meet the
requirements for the specific gasket or seal.

Although the task of determining gasket capabilities is made easier by

standardizing some of the variables, it is still not simple. Each supplier

has seals with many different variations (part numbers), different inherent

characteristics, various materials and platings, as well as different dimen-

sional configurations. Also, there are numerous suppliers for seals, gaskets,

and joints. All configurations from each of the suppliers cannot be evaluated

by any single user because the time and expense involved would be prohibitive.

All data and information presented in this report are for seals, gaskets, or

joints with specific part numbers from a particular supplier and are noted as

such in the data. Also, most testing of the seals and gaskets was conducted

in grooves or glands to a standardized configuration developed with the assis-

tance of many of the suppliers and which were designed for the particular type

of seal or gasket. The type of data presented will be useful as a guide for

requesting or determining the necessary design information required for other

configurations of seals and gaskets. The seal or gasket manufacturer should

be capable of determining (by test and analysis) individual gasket capabilities

and providing the designer with the necessary requirements for designing other
parts of the joint.

There is no specific method for comparing the capabilities of the

various gasket and seal designs because there are numerous considerations as

well as conditions for the many joint applications and designs. A gasket

design may work well in one application and be completely unsuitable for

another application and design condition. However, general comparisons can

be made to help the designer make the best selection(s) for a particular
application and design condition.



There are two basic types of seals; static (gaskets) and dynamic
(packings). Eachof these types are further subdivided into different
classifications depending upon their function or method for providing a seal
(i.e., face seals, diametral seals, pressure energized seals). For the pur-
poses of this report, the joints have been divided into three groupings;
static seal joints, small tubing Joints, and dyt_mic seal joints. Although

the small tubing Joints are basically statJ_ seal joints, Lhey nre separated

because they are generally a threaded connL,_tlon and present their own unique

problems. These joints are usually for l.O-in, or smaller tubing connections.

_ny years of development and fabrication experience have gone into the

small tubing connection designs and some types have been standardized. It

would be normal for a designer to use the standard designs in any new applica-

tions if previous applications have been successful. However, for the exotic

system fluids and gases being used in aerospace designs, the standard connec-

tions are not adequate. In most aircraft systems, leakage of a few drops of

oil or hydraulic fluid was not considered a serious problem, but in the current

rocket engine systems, leakage of oxygen, hydrogen, nitrogen tetroxide, or

similar propellants poses very serious problems. Such leakage can cause the

whole system to malfunction as a result of external fires or external corrosion

of the mechanical and electrical components. It can also be a serious per-

sonnel hazard. The tests conducted with these connections were designed to

determine the suitability of the connector for use with various aerospace

system fluids.

A similar analogy can be made concerning static and dynamic seal joints.

The ASME boiler code has been used for years as the standard for designing

pressure vessels and piping systems that include flanged joints. Where weight

is not a special consideration, this method of design is still satisfactory.

The co<;e provides safety factors of 4 to i0 and at these stress levels, deflec-

tion _Lnd distortion of the members are so small that they become negligible.

Witi_ ti_e flight-weight hardware and the temperature extremes of the aerospace

systems, where the materials are subjected to 60% or more of the yield strength,

much greater deflections and distortions of the members are experienced. This

requires a greater detailed analysis of joint members and gasket capabilities.

Usually, the limiting factor in the joint members is deflection (strain) or

distortion (permanent set) rather than stress. The data compiled in this

report present the gasket and seal capabilities with respect to sealing sur-

face deformation, flange deflection capabilities (a "measure" of how light the

flanges may be),, groove machining requirements, as well as other environmental

and fluid compatibility characteristics.

A. STATIC SEALS

There are many types of static seals, but two basic types are pre-

dominant; face gaskets (squeezed between two flange faces) and diametral

gaskets (squeezed between flange diameters). These can be further subdivided

into pressure energized types, crush gaskets, internal and external pressure

types, combination face, and diametral types to mention but a few. In this

4



report, the static seals have been grouped according to their more common

usage; flat gaskets, pressure energized face seals (internal and external

pressure), diametral seals, and special groove types. Many other groupings

were considered but the ones presented herein are considered best for the

designer's requirements.

All of the different types of gaskets that are discussed were not

tested. Only those gaskets selected by engineering evaluation for application

in various rocket engine systems were tested. Ilowever, since the completion

of these tests, some manufacturers have modif:ied or revised their gasket con-

figurations and it is not known what improvements, if any, have resulted. New

configurations should be thoroughly tested and analyzed with respect to the

desired application before attempting to use them in actual hardware.

B. SMALL TUBING JOINTS

There are three basic types of small tubing connectors; threaded,

brazed or welded, and swaged. A separate and complete study could be made of

only the various types of threaded connectors. However, the flared and flare-

less tube threaded connections are the ones most widely used and they are also

tile most versatile. In addition, the standardization of the various components

has done much to encourage the use of these connections. Tooling is available

for the female bosses (usually used in component hardware) which makes these

connections more desirable from the fabrication and production aspect. The

standardized connectors are satisfactory for use in many systems, depending

upon such considerations as the system fluids, temperatures, pressures, and

vibration and shock loads. However, to be satisfactory for use in most

aerospace systems, many improvements and changes are required. A detailed

discussion of these desirable changes has been included. Each of the standard-

ized connectors contains two joints; the boss-to-fitting and the tube-to-

fitting Joints. Some type of seal is required for the boss-to-fitting joint

and the seals suitable for this joint are discussed. Sealing in the fitting-

to-tubing Joint can be obtained in two different ways:

i. The tubing is flared and makes intimate contact with a mating

cone on the fitting when the connector is tightened (the flared tube connec-

tion).

2. A hardened ferrule is provided that "digs into" the outside

diameter of the tubing when the connector is tightened (the flareless tubing

joint) .

included.

A discussion of the relative merits of these connections is

There are other types of threaded small tubing connections avail-

able which are similar to the standard connections. These differ in some

respects and it is purported that they are an improvement over the standard

connection or that they have been designed for a specific application. Some



of these connections (or parts of them in instances where they are actually
interchangeable with the standards) were tested and somewere evaluated from
an engineering aspect only.

The types of threaded connLction._;that are purchased as a unit and
welded to tile tubing (or component) aru also discussed. These units maypro-
vide somewhatbetter sealing capabil ities titan the standard connections but
they present a more difficult production problem. Also, most of these units
require that the male threaded flange be provided on a component. The more-
easily damagedthread and sealing surface could c_use the loss of a component
as a result of improper handling. How_,ver, in som_'npplications, the use of

these connectors may be more desirable Lilan the use of standard connections.

C. DYNAMIC SEALS

There are two basic types of dynamic seals; the face seals and the

diametral seals. Face seals are most commonly used in high-speed, rotating

shaft applications where a highly-polished shoulder is provided on the shaft

and the seal is mounted in a body or housing to make sealing contact with the

shoulder. The high-speed, rotary face seals are not included in this report

because they are usually designed for a specific application. _le diametral

seals are subdivided'into rotary seals (low-speed rotating shaft) and sliding

seals. These two types are normally used in controls hardware (i.e., valves)

and are limited to surface speeds of approximately lO00-in.-per-minute, or

less. These diametral seals were evaluated from an engineering aspect and

some were tested in particular applications. Although the data and information

presented is limited, it provides a good basis for further study and evalua-
tion.
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III. STATIC SEALS

A. TECHNICAL DISCUSSION

I. Basic Requirements

The perfect static seal is obtained when complete plastic

flow or deformation occurs between the gaskec and the mating-flange surfaces.

The best sealing is obtained with an intergranular or intermolecular interface.

A properly laid .weld does this and it is recommended whenever possible. How-

ever, the necessity for easy maintenance of the system components eliminates

this possibility in many cases; therefore, the static sealed joint must be

used. To attain the initial seal, the replaceable gasket must provide plastic

(or elastic) deformation or flow of the gasket material to fill all the asper-

ities of the mating surfaces. This is most important because the extent of

plastic (or elastic) deformation of the gasket sealing surfaces determines the

degree of sealing obtained as shown in Figure No. i. In general, plastic

deformation applies to the metal gasket materials and elastic deformation

applies to the elastomeric (rubber-like) gasket materials.

a. Leakage Criteria

The allowable leakage rate is a basic consideration in

the joint design. This one factor presents more problems to the designer than

any other. To a great degree, the leakage criteria are determined by the

fluids to be used. However, there is a great difference in designing a

hydraulic fluid system Joint for a leakage rate of 1 cc/min maximum as com-

pared to 1 cc/year maximum. The difference is even more pronounced for pneu-
matic system joint designs.

The allowable leakage rate for joints in a particular

system (commonly called the "zero leakage" value) must be a function of the

system fluid (gaseous or liquid), the size and number of joints in the system,

the use, and the application or mission required of the system. Other con-

siderations include personnel hazards, explosion hazards, and external corro-

sion or erosion of the system hardware. Permissible leakage ("zero leakage"

values) from joints in ground handling or support equipment could be relatively

high with respect to deep space systems if the leakage does not present per-

sonnel hazards, explosion hazards, or other undesirable conditions. Ground

equipment is easily refilled and tankage volumes can be adjusted during initial

design to assure that the system performs its function before the fluids are

depleted. Conversely, permissible leakage ("zero leakage" values) requirements

for deep space system joints may be extremely low to prevent the depletion of

system fluids before the mission is completed (possibly months long with a

number of operating cycles), eliminate personnel or explosion hazards, and

prevent external corrosion, erosion, or burning of the system hardware.

Tankage volumes are very critical because of weight and size considerations as

well as the impossibility of refilling the system during the mission.
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The type of leak detection equipment required to demon-
strate that the Joint is adequate also depends upon the leakage requirements.
A good example of various leakage requirements for a gaseous helium system is

shown on Table I.

TABLE I

LEAKAGE REQUIREMENTS FOR A GASEOUS HELIUM SYSTEM

Leak- Approximate

Allowable Approximate Detection Cost of

Leakage Equivalent Method Equipment,_

1.0 x 10 -2 0.6 cc/minute Water sub- 50

std. cc/sec (6 to i0 ave. mersion, wet

size bubbles test meter,

(in two or flowrator.

minutes)

1.0 x 10 -3 1 cc in 17 Water sub- 50 to

std. cc/sec minutes (No mersion, or 200

bubbles in wet test

two minutes) meter

i0 x 10 -6 1.0 cc in

std. cc/sec 12 days

Mass spec-

trometer or

equivalent

5O00

1.0 x 10 -7 1.0 cc in Same as Same as

std. cc/sec 4 months above above

Remarks

Detectable and measur-

able with simple

equipment.

Easy to get false indi-

cations. Trapped gas

between flanges, and

outside of seal, may

indicate leakage as

pressures applied.

May show no bubbles

when leaking because

helium can be absorbed

into the water.

Leak check requires

approximately 1/2 hr

to set up and 1/4 hr

to test

Same as above

Because mass spectrometer devices are capable of deter-

mining leakage rates down to 1.0 x 10 -9 std cc/sec (i.0 cc in 32 years), actual

"zero leakage" as a requirement for a joint could become expensive as well as

generally impractical. At a sealing requirement of 1.0 x 10 -6 std cc/sec, leakage

(or permeability) through castings and forgings becomes a considerable problem

and is even more pronounced at i.O x 10 -9 cc/sec.

Leakage can be caused by permeation or flow through the

gasket materials, porosity in the joint materials, or by flow through the seal-

ing interface. This perm_,;ition through elastomeric or plastic materials as

well as through porous casting, forging, and raw stock metals can become a

serious problem in attempting to achieve very low helium and hydrogen leakage

rates. Permeation rates of gases or fluids through some of the plastics will

9



be discussed subsequently. Methods are available for sealing porosity in

castings for most fluid systems; however, with some of the new rocket fluids

and temperatures, these sealants are either dissolved or tend to run or flake-

out at either very high or very low temperatures.

The most predomin_int leakage path in joints is across

the senling interface. Therefore, the prim;_ry problem is one of ensuring that

intimate contact is made between the gasket and mating surfaces to achieve the

initial seal. In addition, it is necessary to nssure that this contact is

maintained and not disturbed during the life of the joint as well as under all

of the operating, storage, and handling conditions that can be encountered.

The various types and modes of leakage that can occur in

tile joint depend upon the type of fluid being sealed and the minimum cross-

sectional area of the leak path. Experiments have been conducted and analyses

were m_ide of both the types and modes of leakage(1)(2). If sufficient plastic

deformation at the sealing interface is attained to satisfy the requirements

for a ;:aseous system seal, no leakage problems should be encountered using the

joint in a liquid system. There are two basic gaseous leak modes; molecular

flow m_d viscous flow, with a regime called transition flow existing between

tl_c two. It is most important that these be thoroughly understood when con-

tiucting investigations and evaluations of sealed joints. A detailed study of

the referenced literature is essential. Briefly, molecular flow exists when

the minimum cross-sectlonal area of the leakage path is small in comparison to

the molecular mean free path of leakage gas flow. As the minimum cross-

sectional area of the leakage path becomes large in comparison with the molec-

ular mean free path of the gas, viscous flow commences. The regime existing

between pure molecular and pure viscous flow is transition flow. In the molec-

ular flow regime, the leakage rate is proportional to pressure differential

across the leak path. In the viscous (laminar) flow regime, the leakage rate

for gases is proportional to the difference between the square of the internal

pressure and the square of the external pressure, and the leakage rate for

liquids is proportional to the difference between internal and external

pressure.(3)

Leakage is also directly proportional to the total length

of the sealing interface (_ x mean sealing interface diameter) and inversely

proportional to the width of the sealing interface (the distance that fluid

must travel across the interface to escape) in both leak modes. This means

that for the same conditions (i.e., gasket stress, mating surface finish, and

system pressures), the leakage from large diameter joints will be greater than

(I) Rathbun, Jr., F. O. (Editor), Separable Connector Design Handbook,

Advanced Technological Laboratories, General Electric, December 1964

(2) Marr, J. W., Leakage Measurement and Evaluation, Proceedings of the

Conference on Design of Leak-Tight Separable Fluid Connectors, NASA,

HSFC Huntsville, Alabama, March 24 and 25, 1964

(3) _auer, Paul; Glickman, Myron; Iwatsaki, Frank, Analytical Techniques

for the Design of Seals for Use in Rocket Propulsion Systems,

I.I.T. Research Institute, AFRPL-TR-65-61, May 1965
I0



from small diameter Joints. For this reason, it is more desirable, from th_

desiEn aspect, to specify leakage limits ("zero leakage" values) for the joints

in a system based upon th____elength or diameter of the sealing interface (i.e.,

cc/sec/in, circumference or cc/sec/in, diameter).

The data presented in this report were collected from

development and evaluation tests of seals and joints performed by the Aerojet-

General Corporation for a number of different propulsion system applications.

Permissible leakage rates ("zero leakage" values) were different for each of

the systems; therefore, where "zero leakage" values are specified, they are

those required for the particular system application.

All leakage rate values are given in volume per unit of

time per unit length of sealing interface (cc/sec/in. circumference) where the

leakage rate from the joint is converted to standard conditions (14.7 psi and

68°F), then divided by _ times the mean circumference of the sealing interface.

The Justification for using leakage-per-unit-length for the proprietary gaskets

is based upon the following analogy.

If the gasket preload[n>_ (Ib/in.) is essentially the same

for a particular cross-sectlonal size and configuration regardless of diameters

(see section III,C,I) and mating surface finish, and the other machining

requirements are the same for all sizes, then such things as the sealing stresses

and sealing edge width should be essentially the same. Leakage capabilities for

the particular cross-sectional size should then be directly proportional to

the length of the sealing interface (normal to leakage flow). Comparisons are

then possible between different cross-sectional sizes and configurations from

tlle same manufacturer. Also, comparisons can be made between gaskets of

appro×imately the same cross-sectional size (i.e., approximately the same

space in the joint and the same preloading) from different manufacturers,

b. The Initial Seal (4)

Plastic deformation of the metal gasket sealing surfaces

(the seal mating surface interface) implies that the gasket material must be

stressed above the compression yield point (in the plastic range). The com-

pression stress required to promote plastic deformation depends upon the mate-

rial of the gasket. The amount of plastic deformation required at the seal

interface depends upon the fluid to be sealed, the allowable leakage rate, the

surface roughness, and the lay (direction of machining) of the mating surface.

To some extent, it also depends upon the type of machining used (i.e., cutting

tool, grinding, and burnishing). The lay of the mating surface finish is tl_e

most important factor determining the amount of plastic deformation (compres-

sion stress) required. If the machining marks run across the gasket sealing

surfaces, the required compression stresses will be considerably higher than

if the machining marks are parallel to the sealing surfaces. Also, the rough-

ness of the mating flange surfaces plays an important part in the required

compression stress. In general, a rougher flange surface will require higher
compression stresses than will the smoother surface.

(4) Smoley, E. M., et al, Nonmetallic Gaskets, Product Engineering Seals Book,
Armstrong Cork Co., June ii, 1964
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The type of fluid to be sealed and the maximum allowable

leakage rate determines how well the asperities in the flange surface finish

must be filled and therefore, the amount of plastic deformation (compressive

stress) required. The asperities in the groove surface finish for a liquid

system allowing a maximum of a few drops of leakage per hour would not need to

be filled as well as for a gaseous helium system requiring leakage rates of
less than 1.0 x 10 -6 cc/sec.

The deformation in the @lastic (i.e., KeI-F and Teflon)

gasket materials is neither plastic nor elastic. When sufficient compressive

stresses are applied to the plastics, they tend to slowly flow in all direc-

tions and unless completely constrained, will continue to flow until the com-

pressive stresses are relieved. The plastic materials are much less dependent

upon the mating surface finish to provide a seal than are the metal gaskets.

However, unless properly enclosed or constrained, tile continuing flow under

compressive stress (cold flow) will cause the loss of the initial seal. Cold

flow characteristics are a function of compressive stress, time, and tempera-

ture as shown on Figure No. 2. Also, depending upon the allowable leakage

rates, the permeability of various fluids and gases through a plastic gasket

material may be too great to satisfy the leakage requirements as shown on

Figures No. 3, No. 4, and No. 5.

The elastomeric _iterials deform to the mating surfaces

by large elastic deformations. The elastomers are also much less dependent

upon the mating surface finish to provide a good seal. However, these mate-

rials may not be capable of providing a satisfactory initial seal because of

their permeability when used with the specific liquid or gas being contained.

Experiments (5) indicate that the compressive (sealing)

stresses required for metallic gasket materials to obtain the initial seal

vary from approximately 1.5 to 3.0 times the gasket material yield strength

and are dependent upon groove surface finish and lay, the fluid to be sealed,

the allowable leakage rates, and the pressure differential across the seal.

The compressive (sealing) stresses required to obtain the initial seal with

plastic (i.e., KeI-F, Teflon, and Nylon) gasket materials vary from approxi-

mately 0.5 to 1.5 times the tensile strength (usually equal to the compressive

yield strength) of the gasket material. The compressive (sealing) stresses

required to obtain the initial seal with the elastomeric gasket materials is

the lowest of all the sealing materials. For relatively thick sections, the

load-compression characteristics are approximately linear up to approximately

30% of the original thickness (30% squeeze). For the thinner sections and for

the compression values above 30%, the load increases rapidly with increased

squeeze.

c. Maintaining the Initial Seal (6)

' After all the conditions have been satisfied to provide

the necessary deformation to fill the asperities in the mating surface and

attain the initial seal, the problem becomes one of malntaln_ng this condition

(5) Rathbun, Jr., F. O., op. cit.

(6) Smoley, E. M., op. cir.
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at all operating and storage environments during the life of the joint. If no

changes occur at the sealing interface under all of the environmental and oper m

ating conditions, the seal will be maintained, llowever, deflections and dis-

tortions do occur, particularly in the lightweight joints, as shown on

Figure No. 6. Axial movement (straight separation or bending rotation) of the

mating surfaces will cause a reduction in the compressive (sealing) stresses

all around the sealing interface. Cilanges in flatness (bowing between flange

supports) of the mating surfaces will cause a reduction in sealing stresses at

local areas along the sealing interface. Stress relaxation can occur because

all highly stressed parts tend to relax and equalize the stresses. This will

cause a loss in fastener tension as well as an excessive reduction in sealing

stresses and is a particular problem in elevated temperature service. Soft

metal gasket materials will creep and relieve the initial sealing stresses as

shown on Figure No. 7. Plastic materials, unless completely constrained, will

cold flow and relieve the initial sealing stresses as previously shown on

Figure No. 2. Elastomeric materials can take a permanent set (commonly called,

compression set) as shown on Figure No. 8.

After sufficient sealin_ stresses are attained to pro-

vide the initial seal, a reduction in this stress may be permissible without

detriment to the sealing performance. The permissible reduction in sealing

stresses is dependent upon many factors, including the gasket material, the

initial stresses or deformation, and the configuration of the Joint. However,

the minimum permissible sealing stresses should generally never become less

than approximately 70% of the initial sealing stress.

Another condition that must be considered in maintaining'

the initial seal is the shifting of the mating sealing surfaces. A lateral

shift of the sealing surfaces can cause the sealing interface to slide. This

will shear the intimate contact between the gasket material and mating surface,
thereby destroying the effectiveness of the seal. The condition can be caused

by unequal temperatures in the mating surfaces or by differences in the thermal

expansion-contractlon coefficients or moduli of elasticity of the mating sur-
face materials and the gasket.

Various other phenomena can be encountered during the

operation, storage, cleaning, and handling of the joint that could disturb the

intimate sealing interface contact. The following are brief summaries of the
conditions that could occur:

(i) Elastomeric and Plastic Materials

The minimum seating stresses can be maintained but

pressure can cause the seal to fail (blowout) in hoop tension.

The minimum seating stresses can also be maintained

during pressure cycling with a separation of the flange faces occurring.

Extrusion of the seal between the surfaces during pressurization and cutting
(nibbling) of the material during depressurizatlon can occur with eventual
loss of the seal.

17
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At lower temperature operation, spalling (a
flaking at the gasket corners) can occur during vibration conditions. This
condition progresses rapidly as the interface area decreases until failure
finally occurs.

The fluid being sealed and/or used to clean the
system can cause the gasket material to sw_;i, contract, dissolve, erode, or
change hardness, strength, or other physical properties which will destroy or'
affect the intimate contact at tile sealing interface. A typical example of a
reduction in material strengths is shownon Figure No. 9 for plastics immersed
in nitrogen tetroxide. The compatibility of gasket materials with most of the
liquid rocket propellants can be found in the published literature. (7)

Someelastomers will decomposewhen subjected to
hard vacuumenvironments for extended periods. Each elastomer must be thor-
oughly evaluated when considered for this type of service.

(2) Metallic Materials

Serious galvanic (electrolytic) corrosion or
deterioration of the sealing interface as well as other parts of the joint can
occur where dissimilar metals are in contact or share an electrolyte._8) Any
fluid that will conduct an electrical current can serve as an electrolyte
(moisture in the air, rocket propellants, and certain gas concentrations in
air). The electrical potential between the dissimilar materials transfers an
ion from the cathode to the anode, thereby destroying the anodic materials.
In instances such as these, it is important to eliminate couples between metals
of widely divergent electromotive potential. Metals selected for the gaskets,
flanges, and fasteners should be relatively close to each other in the electro-
motive series, or it maybe necessary to select a gasket material or coating
having good dielectric properties to reduce the galvanic action between the
flange materials. The definition and use of dissimilar metals are presented
on Table II.

Rust in iron or steel is another form of corrosion
that can cause serious sealing problems. This rust, which is caused by the
oxidation of the parent metal, can be eliminated through the proper surface
treatment of the part. Active chemical solutions, such as manyof the liquid
rocket propellants, can attack certain metals; therefore, the flange, the gasket,
and the exposed fastener material must be selected to resist chemical corrosion.
The chemical compatibility of Joint materials with the commonrocket propellants
is also to be found in the published literature.(9)

(7) Rathbun, Jr., F. 0., op. cir.
(8) Dunkle, Heber, H., Metallic Gaskets, Product Engineering Seals Book,

Johns-Manville, June ii, 1964

(9) Rathbun, Jr., F. O., op. cit.
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TABLE ii

DEFINITION AND USE 0i" DISSIrIII.AR METALS

NOTES:

1. Alloys included in this _roup are: 30], 302, _21, and _47

2. Alloys included in this group are: 451, 440 (all classes)

). Alloys included in this group are: /_iO, 416, 420.

4. The criteria set forth in this table conforms to AFBSD 62-88

finish criteria.

_. For further background in_ormafiion on the behavior of coupled

dissimilar metals, refer to corrosion handbook edited by

H. H. Uhlig.

h. This table does not apply to ma_erials which have been prevented

from makin{_ metal to metal contact with one another by the pro-

tection of paint or other coatings.

V. For intermediate materials selection, when required, r_fer to

Specifications MIL-F-T179, MIL-P-21415, and AFBSD Exhi0it _,2-_8.
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The system cleaning fluids, either alone or in mix-

ture with the system fluids, can also chemically attack the joint materials;

therefore, it is important to ascertain the effects of other fluids, or their

combinations, that will be induced into the system. Usually, this requires

some development evaluation as a minimum.

de

Interdependence of Creatin_ and Maintaining
the Initial Seal

Creating the initial seal and maintaining the initial

su_l h_ve been treated as two separate categories. However, they are not com-

pletely independent of one another.(I0) Adjusting a factor to improve the

initial seal can affect how well the initial seal is maintained. Both cate-

gories must be considered together during the initial design of the joint.

For example, the selection of a softer material for the gasket rather than

increasing preload can solve the immediate problem of creating the initial

seal; however, the softer material may not retain sufficient properties to

maintain the seal at all of the operating and environmental conditions intended

for the Joint.

2. Components of the Static Seal Joint

There are four basic components of the static sealed joint;

the two flange members (which contain the prepared groove or surfaces for the

gasket), the gasket, and the fastening members. All of these components must

be considered together during tile initial design of the joint. Each element

of the Joint design depends upon the other elements to obtain as well as main_

taJn a satisfactory seal. The gasket selection must be based upon the fluid

to be sealed, pressures, temperatures, allowable leakage rates, and the

environments that will be encountered during the life of the joint. Then, the

flanges and fasteners must be designed and constructed in a manner which will

provide optimum utilization of the gasket properties. Each gasket design

requires definite minimum machining requirements (i.e., surface finish, flat-

ness, parallelism, and groove depths and diameters) as well as minimum gasket

loading requirements to provide the intimate contact necessary to obtain the

initial seal. Also, each gasket design imposes definite limitations upon the

amount of Joint deflection and distortion that can be accommodated while still

maintaining the initial seal. The flanges and fasteners must be designed to

meet these requirements under all operating conditions and environments of the

joint.

3. Variables in the Static Seal Joint

The number of variables and combinations of variables in the

styptic sealed joint is greater than 1.0 x 1022 . This extensiveness precludes

a discussion of all the possibilities; however, the more common aspects that

require designer consideration along with their posssible effects upon the

over-all joint are presented in Table III.

(I0) ibid.
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Talkie III

(Sheet I of 4)

VARIABLES AND THEIR EFFECT UPON THE STATIC SEAL JOINT

A. GASKET

Variable

Configuration

I:ater [al

Vaterial Hardness

Material Mc_lulns

_[aterial Strength

ri:,t_-ri.xlExtrusion

Characteristics

_laterJnl Contraction

or Expmnsion
Ch.mracteris tics

Material Elongatdon
Characteristics

Material Creep, Cold

Flow, Compression Set
Characteristics

Surface Finish and Lay

Surface Flatness

Effect

Groove conf_u_ratdon and mach_n:ing_ installation_
handling, and stora;_e procedures and require_nent_;
Joint weight

Fluid compatrhility; per_leability; leakage rate

obtainable; r(_quired sealing stress; corrosion

resistance; mstlni: surface preparation; permi:;si-

ble operatin_ temperature; joint weight

ReqlJired sealing stresses; mating surface prepa-

ration; leak,%_e rate; joint weight

Req,:_red squeeze to gain initial sealing stresses

(deflections and distortions in joint); leakage

rate; req_ired bolt spacing

Required sealing stresses; leakage rate; operating
temperature; operating pressures; Joint weight

Permissible deflection in joint; permissible

pressure; permissibl,, temperature; mating surface

preparation and configuration; bolt spacing;
joint weight

Seal_ng stresses; mating Eroove or surface prepa-

ration; permissible deflection in joint; initial
gasket groove fits or clearances

Permissible temperat_we; mating groove or surface

preparation and configuration; initial gasket-
groove fits or clear;mces

Groove or mating surface configuration and

machining; storage life; leakage rate; required
sealing stresses; permissible deflections and

distortions in joint; permissible operating
temperature

Required sealing stresses; permissible reduction

in sealing stresses (deflection and distortion
in joint); leakage rate

Load to gain m_nimum required sealing stresses;

permissible reduction in sealing stresses (de-

flection and distortion in joint)

_7



A@

Y_',ble III

(Sheet 2 of 4)

VARIABLES AND TIbJlR EFFECT UI_OI,ITHE STATIC SEAL JOINT

(coNZ!J.p.l

Variable

Para_eli_

Coating or Plating

Thickness

Sealing Surface Width

Particle Contaminants

on Surfaces

Effect

Assembled para]]e]_sm between flanges; 3oad to
galn m_nimnm seali_ stresses; permissible re-

duction in sealing stresses (deflechion and

distortion _.n Joint)

Required sea] Lng stresses; corrosion resistance;
permissible operating temperature; fluid compati-

bility; p_rmeabilJty; mating surface preparation

Permis_dble defleetlon and distortion; required
sealing stresses; permissible reduction in seal-

ing stresses; creep rates ecapression set; cold

flow (pre-load reduction in fasteners); Joint
weight

Load to obtain required sealing stresses; leakage
rate; mating surface preparation; permissible

scores and scratches on mating surface; Joint
weight

Sealdng stresses; leakage rates; mating surface
finish; groove reusability

B. FLANGES

Material

Naterial Modulus

and Strength

Material Contraction

or ?_p_nsion
Characteristics

Material Elongation
Characteristics

Material Creep
Characteristics

Heat Treatment

and Process

Fluid compatibility; permeability (castings,

forgings, etc,); corrosion resistance; maximum

permissible gasket hardness; permissible operating
temperature and pressures

Joint deflection rate; total deflection; Joint

distortions; bolt or Castener spacing

Sealing stresses; permissible deflections in

Joint; surface flatness, roundness, parallelism,
etc.; required fits and clearances

Permissible operating temperature; required fits
and clearances

Sealing stresses; distortions in Joint; joint
life; leakage rates

Groove hardness; flange reusability; surface

flatness, roundness, parallelism; sealing stresses;

permissible deflections; permissible distortion;
leakage rate
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Table III

(Sheet 5 of 4)

VARIABLES AND T_[EIR EFFECT UPOI,IT_{E STATIC SEAL JOINT

Bo FLANGE S (CONT, D )

Variable Effect

Groove Surface Finish

and Lay

Surface Flatness

Groove Depth Tolerances

Groove Diameter

Tolerances

Concentricities

parallelism

Fastener Circle to

Sealing Circle Dimension

Bolt Spacing

Required sealing stresses; permissible deflection;
leakage rate

Sealing stresses; permissible deflection; leakage
rate

Sealing stre3s (squeeze); permissible deflection;

leakage rate; operating temperature; operating
pressure

Sealing stresses; permissible deflection; leakage
rate; operating temperature and pressures

Sealing stresses, permissible deflection; leakage
rate; permissible temperature variations

Seal_ng stress; leakage rate; permissible de-

flection; permissible temperature and pressures;
vibration sensitivity

Deflection and distortion in joint (section ro-

tation); sealing stresses; vibration sensitivity;
leakage rate; Joint weight

Deflection and distortion in joint (bowing);

sealing stresses; vibration sensitivity; leakage
rate

C. FASTENF2S

Material

Nat_rial Strengths
and Modulus

Material Contraction -

Expansion Character-
_stics

Material Elongation
Characteristics

Bolt Iengths

Load-Torque-Stress relationships (friction);

permissible maximum torque (loading); electrolytic
and other corrosion

Permissible ms<imum torque (loading and stress);
required number of bolts; bolt size; load-elongation
changes; Joint weight

Sealing stresses; fastener stresses; flange
stresses

Bolt lengths; permissible change in bolt length;
pe_rmlssible temperature; sealing stresses

Permissible total elongation; sealing stresses

with temperature variations; axial load
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The design problem appears to be an extremely difficult task

because almost all of tile variables shown on Table III are interrelated in

various degrees. This is true in many instances, particularly in the light-

weight designs required for aerospace systems. Basically, the design problem

entails selecting the gasket and material based upon the fluid to be sealed

(compatibility), the allowable leakage rate (porosity and permeability),

environmental and operating temperatures (material characteristics and changes

including creep, compression set, cold flow, modulus, strength, hardness),

exposure time, and cycle life (involves such considerations as fluid to be

sealed, system cleaning solvents, and electromotive potentials).

The design problem further entails that the flanges and

fasteners be designed to provide the necessary gasket loading while consider-

ing all of the conditions that will tend to unload or disturb the initial

deformation (i.e., pressure, external axial tension, bending moments and shear

loads, temperature changes and cycling effects, vibration effects, mechanical

shock, and storage). This includes determining both the amount as well as the

type of deflections and distortions in both the flanges and the fasteners under

all of the conditions. The estimated deflections and distortions must be within

the capabilities of the gasket selected.

4. 'Types of Static Seals

There are two basic types of static seals; face seals

(gaskets) and diametral seals (gaskets). Examples of these two types as well

as a combination of the face and diametral seals are shown on Figure No. i0.

The face gasket seals between two flange faces while the diametral gasket seals

between two flange diameters. The sealing forces are brought to bear upon the

face gasket between the flange faces as the fastening members are tightened.

The sealing forces are brought to bear upon the diametral seal by a predeter-

mined diametral (or radial) squeeze. This squeeze occurs with the elastomeric

O-rings and plastic diametral gaskets as the two flanges are placed together.

In the case of the metal diametral gaskets (i.e., Conoseal(_), the squeeze

occurs as tile fastening members are tightened.

The face gaskets can be further subdivided into crush gaskets

and the so-called "pressure-energized" gaskets. All of the face gaskets depend

upon flange loading (compression) to obtain gasket compression stresses (defor,

mation) that are sufficient for initial sealing. The crush gaskets depend upon

tile flange pressures (loading) to maintain sufficient gasket stresses during

the operating life of the joint. The pressure-energized gaskets are installed

in pre-cut grooves which determine the amount of initial compression. Within

limitations, the fluid pressures help to maintain sufficient gasket stresses

with the pressure-energized gaskets during the operation of the joint.

Most of the static diametral seals are designed to provide

very high sealing stresses (radial) with relatively low axial flange loadings

by using the geometry of the gasket-groove configuration.

Registered trademark of the Aeroquip Corporation
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The variation (or combination) face-diametral seal is

designed to completely contain the seal. It is an attempt to gain the advan-

tages of both the face and diametral seals.

5. Advantages and Disadva,ltages of the Various Types

There is no single seai type or configt, ration that is best-

suited for all possible operating conditions and environments to which sealed

joints can be subjected. The designer must select one of several possible

gaskets based upon the fluid to be sealed, operating and environmental condi-

tions, as well as many other factors, including cost considerations. A

detailed comparison for specific applications must be made. Additional infor-

mation concerning each type of gasket i_ presented in subsequent sections.

This information should be helpful in selecting a gasket for a specific

application. The comparisons made at this point are general in nature and

they are based upon the basic types of seals (face gaskets or diametral

gaskets) as well as the materials involved.

a. Face Gaskets

Flat gaskets and (rush wasi_ers are relatively inexpensive

and easy to manufacture. If sufficient seal loading can be provided, adequate

plastic or elastic deformation can be obtained to achieve excellent sealing

capabilities with relatively rough mating surfaces. The elastomeric and

plastic materials provide good resiliency and unloading (joint deflection and

distortion) capabilities, particularly when loaded well above minimum initial

sealing stresses(7). The applications of elastomers and plastics are limited

with regard to temperatures, compatibility, compression set during extended

storage, cold flow deformation (when proper restraints are not provided), and

liquid or gas permeation problems. The soft metals (such as ii00-0 aluminum

and annealed copper) are somewhat sensitive to unloading of the initial sealing

streNses and require structurally-rigid sealing surfaces. The soft metals can

provide a relatively large operating temperature range, depending upon the

creep characteristics of the material. Flange configurations and surfaces can

be devised to reduce the high flange loading requirements (i.e., concentric

serrations and knife edges).

Most of the pressure-energized gaskets are proprietary

items. O-rings are exceptions to this, but some materials used to manufacture

the elastomeric and filled plastic O-rings are proprietary. In addition, some

of these designs are patented. The pressure-energized gaskets require much

lighter flange loadlngs to obtain the initial seal, but they require far more

refined mating surfaces as well as more complicated machining than the flat

gaskets and crush washers. However, if all the design conditions and machining

requirements can be satisfied, the pressure-energized gasket can provide much

better unloading capabilities than any of the other gasket designs.

(7) Rathbun, Jr., F. O., op. cir.
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b. Diametral Gaskets

The metal diametral gaskets gain very high sealing

stresses with relatively low axial loading of the flanges. The geometry

between the groove and gasket is such that a meci_anical advantage or wedging

action provides much higher radial loads them are applied axially. This is

particularly advantageous if allowable leakage rates are very low. Its dis-

advantage is that the critical machining is on the diameters in each flange.

For small Joints, the machining requirements are not too great a problem;

however, as the Joint size increases, tile machining of the sealing diameters

can become a formidable problem.

6. Engineering Evaluation

a. Capabilities

Before beginning t:he design of a joint for a particular

application, the various types of gaskets should be evaluated with respect to

their ai_plication. It is necessary to know the available materials and

coatings, approximate loading requirements, machining requirements, service

temperatures, resistance to fluids beini_ sealed and other environments, capa-

bilities of the gasket to withstand deflections and distortions in the joint,

as well as many other variables. To examine all of the gasket characteristics

and capabilities is a difficult task. However, some of the basic considera-

tions were collected and are presented on Figure No. ii. The gaskets are

grouped according to their more common usage; pressure energized face seals

(internal and external pressure), flat gaskets and crush washers, diametral

seals, and special groove types. Other groupings were attempted but the one

presented has proven to be the most useful for the designer. The information

presented on Figure No. ii was gained from available literature, catalog

information, and discussions with the manufacturer (in the case of the propri-

etary seals). Also, much of this information is based upon actual laboratory

testing. Because the cross-section of the gasket affects the requirements

and, to a larger extent, its capabilities, the information presented is based

upon nominal i/8-in, cross-section gaskets unless otherwise noted in the

remarks column. In general, the smaller sections require lower loading and

provide less deflection and distortion capabilities whereas the larger cross-

sections require higher loading but provide greater deflection and distortion

capabilities. This evaluation was used as a basis for selecting gaskets for

actual laboratory evaluations over a broad range of services (i.e., petroleums,

storable propellants, and cryogenics).

The minimum gasket seating loads required to obtain tile

initial seal for each type of gasket is shown in the design requirements sec-

tion of Figure No. ii. In some cases, the gasket loading column refers to a

separate figure. The loading requirements for the elastomeric O-rings are

shown on Figure No. 12. Loading requirements for the flat gaskets and crush

washers are shown on Table IV and Figures No. 13 through No. 16. The loading

requirements for the solid section metal rings are shown on Figure No. 17.

The allowable axial, circular, and differential radial deflections that the

gasket can withstand while still maintaining the initial seal is also presented
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CONFIGURATION

Round:

OV_I:

MATERIAL

Aluminum

Copper

Gold

Soft Steel (Iron)

St_inless Steel

Aluminum

Copper

Soft Steel

Stainless Steel

Monel

Gold

MINIMUM RE_UI_<ED GASKET

SP3\TING STR_S I PSI

i_OO Ib/circular inch

]500 ]b/circu]sr inch

16OO Ib/circu]ar inch

4500 ib/circu]ar inch

6000 ib/circular inch

_3OO ib/circular inch

i_OO ib/circular inch

4}OO ib/circul_r inch

6000 lb/circular inch

5000 lb/circular inch

16OO ib/circular inch

GROOVE

DhSIGN

ffVP!

or

Flat

Bottomed

live|

or

Flat

Bottomed

Oc t_a_onal: Aluminum

Copper

Soft Steel

_-"_ k Stainless Steel

Monel

Gold

13OO Ib/circular inch

]300 ib/circular inch

4500 ib/circular inch

6000 lb/circular inch

5000 ib/circular inch

16OO ib/circular inch

HV_!

or

Flat

Bottomed

TTVI!

De_it,,: Aluminum

Depends upon the

_ _ CoppersoftGoldSteel anglesgr°°veand gasket

Stainless Steel

Special

Triangular

NOTE: This information from:

Dunkle, H. H., Metallic Gaskets, Johns-Manville Product Engineering -
Seals Book. June ll, 1964

Figure 17

Minimum Gasket Seating Stress for Various Materials

of Construction for the Solid-Section Metal Rings
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TABLE IV

MINIMUM REQUIRED GASKET SEATING STRESS FOR VARIOUS MATERIALS OF

CONSTRUCTION FOR FLAT GASKETS AND CRUSH WASHERS

Material

Asbestos with Binder

Asbestos Fabric, Rubber Filled

Minimum Required Gasket Stress,

psi

Figure No. 13

Figure No. 14

O-Ring Materials
Figure No. 12

Teflon
Figure No. 13

Aluminum
16,000

Gold (Pure)
19,000

Copper
36,000

Soft Steel (Iron) 55,000

Monel
65,000

Stainless Steel
75,000

Corrugated Gaskets
Figure No. 15

Spiral Wound Gaskets
Figure No. 16

in the design requirements column of Figure No. ii. Because deflections and

distortions in the flanges are usually combinations of the allowables shown,

if any combination exceeds one of these allowables, the flanges and fastener

configuration must be changed to hold the deflections within the indicated

limits. The allowable axial deflection is a function of the springback capa-

bilities (percentage of return to original height when loading is removed),

pressure effects, material strength, resiliency, creep, and cold flow. The

elastically-deformed gaskets (elastomeric O-rings and flat gaskets) are

usually limited by extrusion or tensile strength while the metal gaskets are

limited by springback and pressure effects. The allowable circular (bowing)

deflection is a function of circular stiffness of the gasket, pressure effects,
and resiliency. The elastomeric gaskets have almost equal capabilities in

circular and axial deflections, but the spring-loaded Teflon jacketed and

metal gaskets are limited by the circular stiffness of the gasket springs or

legs. Allowable differential radial deflections are a function of the forces

encountered tending to cause sliding between the sealing surfaces and thus

disrupting (shearing) the intimate sealing interface contact when the two mating

w
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surfaces move radially with respect to each other. If tile radial stiffness of

tile gasket is relatively high (as with crush washers, most of the metal pressure-

energized gaskets, and some of the diametral gaskets), the allowable differential

radial deflections will be small. If the radial stiffness of the gasket is

relatively low (as with elastomeric O-rings and flat gaskets), the allowable

differential radial deflections will be larger.

The machining requirements affect the loading require-

ments and allowable deflection capabilities of the gasket. The machining

requirements shown on Figure No. ii are necessary to obtain initial sealing and

provide the allowable deflection capabilities shown. With proper surface finish

(and lay), surface flatness, groove depth tolerance, and diametral tolerances for

the pressure energized gaskets, the necessary initial sealing stresses are

obtained without excessively stressing any other part of the gasket. Also, the

deflection and distortion capabilities are retained without losing the necessary

intimate contact at the interface sealing surfaces. Relaxation of the machining

tolerance and finish requirements can result in a complete loss of deflection

and sealing capabilities.

The operating t,_q)erature range depends upon the base

materials and coatings used in the gasket. The w_lues shown on Figure No. Ii

ar_ based upon the widest temperature range obtainable from the materials

available for the particular gasket. If the operating and environmental tem-

peratures for an application are within the values shown, the materials

selected for the gasket must be further investigated to determine the permis-

sible temperature range. The values shown are also based upon continuous duty

service at temperature. If the actual service consists of a small number of

short (few seconds) durations, the temperature capabilities may be greater

than those shown. However, evaluation tests should be conducted at simulated

opcratinE conditions before attempting to use the gasket in actual hardware.

Operating pressure capabilities were purposely omitted

because these capabilities depend upon many factors (i.e., gasket configura-

tion and materials, degree and type of deflections and distortions in the

joints at operating conditions, permissible leak rates, and fluids to be
sealed).

Radiation resistance was based upon material properties

changes a_ a neutron flux of 1.0 x 1013 neut/cm3-sec and a gamma flux of
3.0 x i01 MEV/cmJ-sec. If the radiation levels are much less than those

shown, or if environments will tend to prevent radiation effects upon mate-

rials properties, the gasket should be further investigated for the particular

application. Also, if the radiation levels are higher than those shown, the

materials selected for the gasket should be further investigated. Although

information is available for most materials (II) at various levels of radiation,

(ii) The Effects of Nuclear Radiation on Elastomeric and Plastic Component_

and Materials, Radiation Effects Center, Batelle Memorial Institute,

REIC Report No. 21, September 1961 (Addendum, August 1964)
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the selected materials should usually be evaluated for any particular radia-
tion application.

The remarks column provides a brief outline of relative

gasket deformation, joint deflection and distortion capabilities, as well as

a "flag" of possible problem areas to be studied for particular applications.

The remarks are by no means intended to be all-encompassing because other

variables can become more critical for a particular application. Rather,

these remarks are intended to alert the designer for further study of such

items as materials, coatings, and platings as well as to compare these items

with other materials and gasket configurations available for the application.

The test experi_nce column is included to show a brief

summary of results from actual laboratory testing with a particular Joint

design. The fluids, range of operating temperatures and pressures, as well

as the resultant leakage rate are indicated.

b. Design Practices

The forces tending to separate or cause deflections in

the joint are: internal proof (or burst) pressure and axial tension; bending

moments; and shear loads from external forces on the joint. These forces

must be known to properly design the joint. To prove that a joint can with-

stand the operating pressures and temperatures, the joint is subjected to a

pressure above the maximum expected operating pressures with factors included

to compensate for material properties at operating temperatures. The proof

pressures required will depend upon the safety factors desired for a partic-

ular application, but usually are 1.3 to 2.0 times the maximum expected

operating pressure plus the ratio of the relative material strengths at

ambient and operating temperature. The required minimum burst pressure will

also depend upon desired factors for the particular application but are

approximately 1.33 times the proof pressure (the 1.33 ratio is the approximate

ratio of ultimate to yield strength for most materials). The joint must be

capable of withstanding the sum of the proof pressure, axial tension, bending

moment, and shear loads while maintaining the minimum required sealing

stresses in the gasket. If the ratio of ultimate to yield strength of any of

the flange (or fastener) materials is less than the ratio of burst to proof

pressure, the critical design load will be the total of burst pressure, axial

tension, bending moment, and shear loads. Also, minimum permissible sealing

stresses must be maintained at these loads to prevent gross leakage in the

joint.

In joint designs where the "pressure-energized" face

gaskets (see Sheet 1 of Figure No. ii) are used, the flanges are drawn face-

to-face (the sealing stresses are predetermined by squeeze on the gasket) so

that the load path by-passes the seal. Therefore, the total preload required

for tile joint is''the greater of either the sum of the loads tending to

separate the Joint __°r the required gasket load. However, the joint must not

deflect under these loads in excess of the gasket capabilities (allowable
deflections).
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The load path is transmitted in tile joint through tile flat

gasket, crush washers, and solid section metal gaskets because these gaskets

depend upon flange loading to obtain and maintain the required sealing stresses.

The flanges and fasteners must be designed to provide sufficient load to obtain

the initial sealing stresses and to maintain sufficient sealing stresses (usually,

approximately 70% of the inltlal stresses) when aJl tile proof pressure and

external loads are applied to tile joLnt. This means that the necessary preloading

is the greater of either the required initial sealing stress load or the sum of

the proof pressure, external axial tension, bending moment, and sht'ar loads plus

the load needed to maintain tile minimum required sealing stresses.

The load path for somt_ of tile dlametral gaskets is also

through the gasket. Because the sealing stresses are applied radially and the '

groove-gasket configuration can allow some rotation (change in angle) of the

gasket without losing the minimum required sealing stresses, the flange pre-

loading requirements are the greater of either the initial gasket loading or

the sum of the proof pressure, axial tension, bending moment, and shear loads.

However, joint deflection must be within the allowable limit that the gasket

can withstand. Additionally, investigation may be necessary to assure that,

if some Joint deflection or separation occurs, tile loads applied to the joint

do not excessively overload or unseat the gasket at the sealing surfaces.

Angular misalignments (parallelism) between tlle two

n;,_ting surfaces can either prevent the attainment of the initial seal or

drastically reduce the allowable deflection capabilities of the gasket. The

eiastomeric flat gaskets can be capable of some misalignment at assembly,

providing the joint preload is increased to assure that the minimum required

gasket loading is attained in all areas of the gasket for the initial seal and

maintained during the life of the joint. Tile flanges must be brought face-to-

face with the pressure energized seals (including the elastomeric O-rings).

If not brought face-to-face, either the initial seal will not be attained, the

deflection capabilities will be drastically reduced, or in the case of the

elastomeric O-rings and Teflon jacketed gaskets, extrusion of the seal can

occur. Parallelism between the mating surfaces is extremely critical with the

soft metal gaskets and solid section metal rings in attaining the initial seal.

Every effort should be made in the design of the joint to eliminate the possi-

bility of angular misallgnment. This may require that flexible sections and

appropriate line supports be included in the design. The loading requirements

for the joint must then be re-evaluated to assure that the necessary preload

is available for the joint.

Radial misalignment between the mating surfaces can also

be a serious problem during assembly. Within reasonable limits, flat gaskets,

crush washers, and the pressure-energized gaskets are not seriously affected

by radial misalignments of mating surfaces providing the widths of tlle pre-

pared sealing surfaces are greater than tile total of the gasket width and the

expected misalignment. However, if rubbing between the gasket and flange

occurs after they make contact, the mating sealing surfaces or the gasket sur-

faces can be damaged or galled, and a good joint will not be attained. This

is a particular problem with the larger, bolted joints where the mating
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surfaces can be rotated with respect to each other or moved to line up the

bolt holes during assembly. The diametral seals present an even more serious

problem. Because the mating surfaces are on diameters in each of the flanges,

they must be properly aligned to obtain and maintain the initial sealing

stresses. In all of these cases, where bolted joints are used, alignment pins

(with mating alignment holes) or alignment shoulders must be provided in the

design to assure that proper alignment is attained before mating with the

gasket. This necessitates the provision of axial clL_arances between flanges

during assembly and disassembly of components from the system.

7. Joint Design

The approach to designing a joint can be separated into four

basic steps; gasket selection, preparation of the surfaces (or grooves), the

flange design, and the fastener design. These elements are strongly inter-

related, but the approach provides a somewl_at logical method for preparing

tl_e preliminary design for further design analy_is. The gasket material can

be determined (based upon fluid effects, temperatures, pressures, and environ"

ments), the size determined, the machining requirements ascertained, and the

required loading and deflection capabilities estimated. From this, the

requirements for machining the mating flange surfaces can be specified

(although this may affect gasket loading in some cases), the flanges can be

designed (based upon a knowledge of the gasket requirements, the specified

fluid, pressures, external loads, and temperatures), and the fasteners can be

determined based upon the required preloads as well as the maximum spacing of

the individual loading points. This approach is used in the ensuing discus-

sion, which is completed by describing the preliminary stages of a typical
design problem.

a. Gasket Selection

The first consideration in selecting the gasket is the _

fluid to be sealed and the allowable leakage rate. The effects of fluid

exposure to the gasket materials and the permeability rates of the fluid

through the gasket must be considered. Although it is always desirable to

use gaskets that deform elastically, if possible, exposure to fluids or corro-

sive environments can cause undesirable deterioration and materials property

changes (as shown on Figure No. 9) or permeability rates alone may exceed the

allowable leakage rates (see Figures No. 3, No. 4, and No. 5). If the fluid

(or associated environments) is a good electrolyte, it may be necessary to

select the flange materials so as to reduce or eliminate galvanic cells

between the flanges and the gasket (see Table II and its supporting discus-

sion). If the fluid effects will permit the use of elastomers and plastics,

the gasket material can be selected for good dielectric strengths provided

that the two flange materials to be used are widely separated in the electro-

motive series. The system cleaning solvents or fluids that will be used

should also be determined to anticipate their affects upon the gasket materials.

Also, the affects of solutions of the solvents and system fluids should be

ascertained. In some cases (i.e., N204 and pure water), the solutions of the

solvent and system fluids may be more serious than the fluid alone.
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Cold flow and creep characteristics (see Figures No. 2

and No. 7) must be considered to determine tile necessary groove configuration

(in the case of flat plastic gaskets) and the necessary preload (in tile case

of the crush washers, and other solid section gaskets).

The expected temperature and temperature cycling can

have a definite affect upon cold flow and creep characteristics as well as

presenting compression set problems (see Figure No. 8) with the elastomers.

Compression set £n the elastomers is a function of time and temperature and,

to some extent, the degree of compression.

The expansion-contraction characteristics of the gasket

material must be known and compared with the flange expansion-contraction

characteristics to determine the possibility of shear or sliding between the

gasket and flange surfaces. Differential contractions between the gasket and

flanges (i.e., face seal joints) can develop sufficient loads to overcome the

compression load and friction at the sealing interface, which would cause the

surfaces to move with respect to each other and shear the intimate sealing

contact. Differential contractions (i.e., diametral seal joints) can also

cause a gradual decrease in sealing stresses as temperature is reduced until

the necessary intimate sealing contact is lost. Typical thermal expansion

ci,aracteristics for some of the plastic materials is shown on Figure No. 18,

and for some of the elastomers on Figure No. 19. Note the rapid change (slope

of the curve) in expansion-contraction rates of the TFE Teflons between 50°F

and IO0°F, and of the silicone elastomers between -50°F and -100°F. In addi-

tion, elastomers change from a rubbery state to a "glassy" or brittle state at

lower temperatures. The temperature at which this occurs is called the "glass

transition temperature" or "Tg." The approximate values of Tg are also pre-

sented for the elastomers shown on Figure No. 19. The brittleness of these

materials either at or below Tg is definitely not conducive to good sealing.

The thermal expansion characteristics of other materials is available in

existing literature(12).

If the gasket material remains elastic and soft or

retains good strength and elongation properties, the differential expansion

or contraction between the gasket and flanges may not be a serious problem.

Teflon, as an example, expands and contracts more rapidly than the flange mate-

rials, but remains relatively soft while retaining good strength and elonga-

tion properties over a broad temperature band. If the gland and/or gasket is

designed to reduce or eliminate cold flow problems, Teflon is useful over a

broad temperature range. However, it is necessary to investigate other mate-

rial properties (i.e., tensile strength, compression stength, and elongation)

of the gasket. Typical strength and elongation properties for some of the

plastics is shown on Figures No. 20 through No. 23.

Extrusion (see Figure No. 24) of the plastic or elastomer

gaskets can be the limiting factor in allowable joint deflection capabilities.

Extrusion is a function of: pressure; the clearance or gap between the flange

faces or diameters; the hardness of the gasket material; and in some instances,

(12) Cryogenic Materials Data Handbook, National Bureau of Standards
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the length of time at pressure. Therefore, the extrusion characteristics of

the selected gasket material should be investigated to determine the permis-

sible gap (or clearance) between flange surfaces at proof pressure (usually

conducted at room temperature). Also, because temperature affects the material

hardness, the permissible gap (or clearance) should be determined at operating

temperature and pressure conditions. This could be the limiting condition.

Gasket extrm_ion is one of tile most "unsafe" or undesirable joint failures

because the gasket may provide a good '_eal up to the point of failure, then it

suddenly "blows-out" and gross leakage [s the result. Another form of extru-

sion failure, called "nibbling," can occur d_riug pressure cycling. The gasket

partially extrudes into a gap (or clearance) because of pressure effects.

This extruded portion is then cut-off when the pressure is suddenly released.

The condition progressively worsens until the gasket fails to seal or "blows-

out." Typical extrusion characteristics for elastomeric O-rings are shown on

Figure No. 25. Although some plastics can exi_ibit the same characteristics,

there is no known literature published for tills subject.

The effects of the expected vibration levels as well as

the combinations of vibration and temperatures must also be investigated. The

primary problems caused by vibration are fatigue and disintegration. If exces-

sive vibration results in repeated compression and decompression of the gasket,

the gasket will eventually fail because of material fatigue. The limit is

dependent upon the gland design and the materials used. Disintegration can

occur if the gasket material is brittle (i.e., elastomers at or below Tg) and

is repeatedly overcompressed so that a port:ion of the gasket spalls off from

time to time. This disintegration is an accelerating process because the

contact area decreases as the edges spall away.

Mechanical shock and its resulting impact loads upon the

gasket must also be investigated, particularly at extreme low temperatures.

impact loads at low temperature cause a plastic gasket to break or shatter in

a mammr similar to glass. Impact strengths for some of the plastics are
shown on Figure No. 26.

If the joint is to be used in a nuclear radiation

environment, the gasket material property changes must be investigated at the

expected or known radiation flux levels. The effects of radiation are basi-

cally dependent upon the radiation levels and exposure time. Investigations(13)

have shown that radiation effects are also dependent upon the surrounding

environment (temperature, pressure, fluid) and the fluid to be sealed. The

relative radiation stability of some of the elastomers and plastics when

exposed in air (normal atmosphere) is presented on Figure No. 27. A material

is considered stable up to that point of exposure where no significant change

occurs in any of the physical properties of the material (i.e., tensile

strength and elongation). Threshold damage occurs at the point of exposure

where at least one physical property of the material begins to change (the

lowest point on the "mild-to-moderate" damage bar of Figure No. 27). Any

deviation from the original value (increase or decrease) is considered to be

damage. The lowest point on the "moderate-to-severe" damage bar is that point

(13) REIC Report No. 21, op. cit.
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DAMAGE
I | -- Incipient to mild

VI/IIIIIIZ.ZZ__ __ Mild to moderate

__ Moderate to severe

EIASTOMERS

Polyurethane Rubbers_

Natural Rubber

Styrene-Butadiene (SBR)__

Viton-A

Nitrite Rubber

Neoprene Rubber

KeI-F

Silicone Rubber

Butyl Rubber

'I_E_MOS_X_PING RESINS

Phenolic-Unfilled

Phenolic-Glass Laminate

Phenolic-Asbestos Filled

Polyurethane

Polyester-Unfilled

Polyester-Glass Filled

Polyester-Mineral Filled

KFLar

8tlicone-Unfilled

Silicone-Glass Filled

Silicone-Mineral Filled

rHLI_OPLASTIC RESINS

Polystyrene

Polyvinyl Carbazole

Polyvinyl Chloride

Polyethylene

Ethylene Propylene -_

KeI-F

Teflon

NC'ZE:

UTILITY OF PLASTIC

Nearly always usable

Often satisfactory

Limited use

....... : ....J...... :....l.... ;.[....
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of exposure where a 25% (plus or minus) change occurs in at least one physical

property of the material. While Figure No. 27, provides good comparisons of

the effects of nuclear radiation upon the elastomers and plastics, it must be

used with caution because it does not represent specific application data for

seals and gaskets. Details of the effects of radiation for a particular mate-

rial are available in the existing literature(14).

Generally, elastor_ers are less radiation resistant than

the plastics (15) with tile more resistanL ones being the polyurethane and

natural rubbers. Most elastomers incre_se ,n hardness when irradiated; how-

ever, Butyl rubber softens and becomes liquid when exposed to high doses of

radiation. Most elastomers acquire a high compression set when irradiated at

elevated temperatures while they are comprcs_ed. However, if they are irradi-

ated in the free state, thereafter compression set is less than the initial

value. The s_licones are satisfactory for use above 300°F, but are below

average in radiation resistance. Nitrile and neoprene rubbers appear to be

best for use below 300°F where radiat:ion stability is somewhat better than
that of the silicone rubbers.

Generally, plastics are equal to or superior to the

elastomcrs in radiation resistance, with the rigid types being the most

resi_tant (16). The filled-phenolics and polyurethanes are among the most

re_:_tant thermosetting plastics; however, the hardness of these materials

llmi_s their use as gaskets or seals. Of the thermoplastics, polystyrene and

po]yvinyl carbazale are equally as resistant to radiation, but have much

lower strength and heat resistance. The fluorine-containing plastics (Teflon,

KeI-F, PVC) degrade in a radiation environment and liberate halogen acid which

has corrosive effects upon adjacent hardware. Gassing of most plastics is a

problem in enclosed or poorly-ventilated systems.

The importance of the effects of irradiation in conjunc-

tion with the operating environments and conditions and the system fluids

cannot be overemphasized. Seals and gaskets exposed to anticipated combined

environments when irradiated have often shown better service than was antici-

pated from the static data. Conversely, radiation resistance can be degraded
when irradiated in combined environments.

The initial gasket loading requirements and deflection

capabilities must also be known for the specific gasket cross-section,

diameter, and materials selected. If the gasket is the nominal i/8-in, cross-

section, the loading and capabilities shown on Figure No. ii can be used for

preliminary design work, but the actual values must be determined before

making the final design. If the gasket selected is of the non-proprietary

type, the minimum loading requirements and capabilities for preliminary design

can be determined from the values shown on Figure No. ii providing the machin-

ing requirements specified are used. As an example, a soft aluminum gasket

(15), (15), (16) The Effects of Nuclear Radiation on Elastomeric and Plastic

Components and Materials, Radiation Effects Center, Batelle

Memorial Institute, REIC Report No. 21, September 1961
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material has been selected and the known gasket dimensions are 1.50-in. out-

side diameter and 1.25-in. inside diameter. Then, from Table IV, tile minimum

required stress is 16,000 psi for the initial seal and ii,000 psi (70%) must

be maintained at all conditions. The initial gasket load required would be:

W = A x f
g g g

(See Appendix A for all

symbol definitions)

where: W = Load required to seat tlte gasket (ib)
g

A = Compression area of the gasket (in. 2)
g

f = Required gasket stress (psi)
g

IT

= _ (Dg °2 - Dgi 2)

o_/_r W = .7854 (1.52 - 1.252 ) x 16,000
g

W = 8,640 Ib
g

The maximum allowable deflection then depends upon the difference in stress

levels (initial less minimum permissible), the material modulus, and the
gasket thickness;

f - F

P = g Ex t
a E g

where:
pa = Allowable deflection (in.)

f = Initial gasket stress (psi)
g

F = Minimum permissible gasket stress (psi)
g

E = Modulus of elasticity (psi)

t = Gasket thickness (in.)
g

o__[r pa 16,000 - ii,000= I0,000,000 x tg

5,000

Pa = i0,000,000 x tg

p = .0005 t
a g

If the gasket thickness is .010-in., the permissible deflection at the gasket

sealing surface would be .000005-in. If the gasket is .lO-in. thick, the
permissible deflection would be .O0005-in.
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These deflection capabilities are only for axial (flange
separation and/or flange rotation) deflections and circular (bowing between
bolts) deflections or combinations of these. They do not indicate the per-
missible differential radial deflection capabilities whic----hare a function of
the shear strength, modulus, elongation, and thickness of the gasket and the
mating flange surface finish.

b. GrooveMachining Requirements

After the gasket type and the material are selected, the
machining requirements for the mating surfaces must be determined. The gasket
size will dictate the space that must be allowed in the flange design.
Generally, the larger the gasket cross-section, the greater the capability of
the gasket to take deflections in the flanges without losing seal effective-
ness. However, the larger the gasket cross-section, the higher the required
initial sealing load becomes. The mating surface finish (and lay) and the
surface flatness will affect the required initial sealing stresses and can be
the governing factor in whether the initial seal will be attained or maintained
during the life of the joint. If the gasket selected is one of the proprietary
"self-energized" types, the manufacturer should be consulted to determine the
necessary groove requirements. These requirements must be thoroughly analyzed
regarding surface finish and lay, flatness, parallelism, diameters and toler-
ances, depths and tolerances, as well as other considerations to assure that
all necessary requirements are specified for the groove. Any machining
requirements that are omitted will have an adverse affect upon the initial
sealing stresses as well as the deflection and distortion capabilities of the
gasket.

If surface preparations other than those shownon
Figure No. Ii are used for flat gaskets and crush washers (such as knife
edges or other shear deformation configurations), the allowable deflection
values can be as muchas ten times greater than those calculated in the pre-
ceding section. However, this should be thoroughly investigated by actual
testing before the design is madefinal.

c. Flange and Fastener Design

The flanges and fastener designs are interrelated. The
required stiffness in the flanges to effect the initial seal, and to main-
tain it, is determined by the type of fasteners to be used. If it is desir-
able for the joint to be capable of relatively easy disconnection, a quick
uncoupling device (i.e., V-couplings) can be used for the fastener. Someof
these devices provide reasonably equal distribution of loads all around the
flange periphery. This decreases the problem of bowing between flange loading
points and to someextent, decreases the material necessary to obtain the
required stiffness in the flanges. The loading circle (circle of the applied
load) can also be closer to the gasket circle which decreases the flange rota-
tion (see Figure No. 6) problem and further decreases the material required to
obtain the necessary _tiff_ess in the flange. Howe_cr, sufficient _f_c_
must be designed into the coupling device to prevent axial separation, bowing,
and related problems. Someof these devices also provide a considerable
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radial force inward towards the joint centerline and can help resolve a differ-

ential radial deflection problem. Care must be used in specifyillg these

devices because they can present some difficult design and assembly problems

associated with reducing friction between the parts as well as to assure that

the loading is equally distributed. Lubricants are usually necessary and

assembly techniques must be developed to assure proper loading. A thorough

understanding of the mechanics involved with tile particular coupler to be used

is necessary before the coupling and flange design can be made final. Design

analyses and assembly specifications are available from some manufacturers of

these devices. However, unless previous experience has been gained with the

particular coupling joint to be used and the mechanics, design requirements,

and assembly techniques are known, a considerable amount of development work
should be conducted before the design is made final.

There are many other types of flange and fastener con-

figurations including "break-over-center" connections, "breech-lock" or

pressure-cooker" connections, and the threaded connections. Though they are

used in large diameters for some applications, they become somewhat bulky

above 2.0-in. diameters. The threaded connections for small diameters will be

discussed subsequently. If these devices are used, the mechanics must be

thoroughly understood before the flange and fastener combination is designed

to assure that they will provide sufficient loading for tile gasket under all

conditions during the life of the joint. Also, problems may have to be

resolved to prevent rubbing or rotation between the gasket and mating surfaces,

galling between fasteners and flanges as well as excessive misalignment ofpar ts.

The most widely-used flange and fastener design for

larger diameters is the bolted connection. The size and number of bolts must

be selected to provide the necessary preloading on the gasket. Also, the

flanges must be designed to provide the necessary stiffness to properly pre-

load the gasket and maintain minimum loading under all conditions during the

life of the joint. Therefore, the flange and fastener design problem becomes

one of a series of compromises between the weight of the joint, ease of

assembly, and many other variables, while still satisfying the requirements

for attaining and maintaining the seal. If a small number of larry_ diameter

bolts are selected to provide the necessary preload, the distan_ce from the

bolt circle to the gasket circle and the distance between bolts is large;

therefore, the flanges must be stiffer (and heavier) to prevent excessive

deflections in the joint which would unload the gasket and lose the seal.

However, the joint would be relatively easy to assembly. If a large number of

smal_____lbolts are selected to provide the required preload, the distance from

the bolt circle to the gasket circle and the distance between bolts is smaller;

therefore, the flange stiffness (and weight) can be reduced and still remain

within the allowable deflections for the _asket. In this case, the
becomes more difficult because of the greater nu assembly
lengths and the bolt-len_+_ ...... mber of bolts. The bolt

_--Lu-a_ameter ratios can present problems of exces-

slvely unloading the gasket during operation or prevent repeatable preloading

in tile bolts during assembly. For optimum weight design, there is a "point

of no return" in decreasing bolt size and increasing the number of bolts used.
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Reduction in required flange wei>,l_t (_;Liffness) beyond a certain point can be

more than off-set by the increased to_ il wei_;ht of the bolts. A comprehensive

method for analysis to provide an optiT_um d_'siEn is presented in the available

llterature(17). Design analyses are presented for initial "hand" computations

as well as final analysis using comp_Lt_r mt,thods.

Tile method utili:ted _t a_sembly to preload the bolts

determines whether the proper loads (,btai_,,d from the analysis are realized in

the finished assembly. This deserves very serious consideration in the desiF>n

of the joint. More than the material stren[:th and bolt area must be considered

to assure the necessary bolt loadin!,,. Friction between threads and under the

bolt heads or nuts presents a serio_; problc,i_ in the proper loadinF_ of a bolt.

Bendln_ in the bolt caused by the bolt and nut s,rfaces being out of parallel

increases the problem. The total amount of friction involved is determined

by: bolt, nut, and flange materials; surface finish of the threads and betweert

bolts, flan;:e and nut surfaces; and ti_e lubricants used. The specified machin-

ing rtquirements for bolt and nut surface parallelism as well as the stiffness

in the flan%es determines the de_ree of bendinf$ produced in the bolts. Several

method._ have been proposed for estimating _- determlninF_ the actual axial bolt

prel oads (18) (19) (20) that will be attained during assembly. These Jllclude the

use of tightening torque values and tile me;:_;nrement of elongation in the bolt.

The problem is one of transcrJbinF, bolt (or nut) torque

values or bolt elongation values into axial loads and total stresses. The

met1_od for measuring bolt elongation requires preset measurement points in the

bolt and reasonably assures that the axial loads are provided; however, this

does not assure that the maximum total stresses in the bolt do not exceed the

allowable stresses because it does not account for friction in the threads.

The, m_,thod using tightening torque w_iues provides a reasonably accurate esti-

r_,te of total stresses in the bolt, but cannot assure the axial loads because

the friction between the threads and bolt (or nut) contact with the flanges is

difficult to estimate. An acceptable and widely-used method of assembly is to

specify final tightening torque values for the bolts (or nuts). To use this

method effectively, the designer must be able to accurately estimate the axial

loading and total combined stresses in the bolts considering the bolt, nut, and

flan>_e materials, type of threads, and the lubricants to be used. A tabulation

of torque-load-stress relationships was taken from existing literature (21) and

is shown on Table V. These values can be used for preliminary design work.

The total combined stress values are accurate within a few percentiles because

an increase in thread friction reduces the tension stresses with an accompany-

ing increase in torsional stress so that the total combined stress is rela-

tively unaffected. However, the axial load values can be in error by a factor

(17)

(18)

(i9)

(20)

(21)

Rathbun, Jr., F. O., op. cit.

Korn, Arthur H., Torque-Stress-l,oad Relationships in Bolts and Screws,

Product EngineerlnE, November 1943

Steward, W. C., Determinin_ Bolt Tension from Torque Applied to the Nut,

Hachine Design, November 1955

Nolt, I. G. and Smoley, E. M., Gasket Loads in Flanged Joints, Armstrong

Cork Co., Machine Design, September 28, 1961

Korn, Arthur H., op. cit.
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of as much as 90% because variations in thread frictJon and friction under the

nut or bolt head will cause wide variations in the axial tension developed in

the bolt. Therefore, unless there is previous experience with the selected

bolt-flange material combination and lubricant to develop appropriate friction

factors, the axial load-torque re]ationships must be determined by actual

tests. Figure No. 28 presents a typical example of the variation in axial

loads with the same lubricant and with different lubricants. The data was gained

from actual tests of an 8-32 CRES screw, CRES washer, mating threads in a CRES

flange, and a cast aluminum flange.

d. Typical Design Problem for Aerospace Service

A complete and final _lesign analysis for a joint is too

extensive to be included in this report. T]._, purpose of this section is to

present the basic approach to preliminary design of the joint as well as the

items to be considered and the precauLions to be taken in evolving an optimum

design with minimum weight while maintaining a satisfactory joint. The

analysis used herein is a straightforward one because its main purpose is to

illustrate gasket selection methods, give a preliminary idea of flange and

bolt sizes, and to provide a starting point for a complete analysis to ascer-

tain a final Joint design.

All of the symbols used throughout this report are

delineated in Appendix A.

The sample problem is based upon an assumed required

dissimilar material line connection for a liquid hydrogen system. The known

data and requirements for the joint are as follows:

(i) System Fluid: Liquid Hydrogen

(2) Temperature: +I20°F to -423°F

(3) Maximum Permissible Leakage: 1.0 x 10 -6 cc/sec/inch

of gasket circumference

(4) Line Size: 10-in. O.D.

(5) Pressures: Nominal Operating = 1500 psig

Maximum Operating = 1850 psig

Proof = 2250 psig

Burst = 3375 psig

(6) External Loads: Axial Tension = 12,000 ib

Bending Moment = 18,000 in.-ib

(7) Flange Materials: One Flange = 6061-T6 Al,minum

Opposite Flange = 347 CRES

(8) A secondary (or duaT) seal arrangement is also

required for all joints in the system for two purposes; to prove that the
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primary seal meets the leakage requirements and to provide a collector for

leakage past the primary seal. The inter-seal cavity is vented overboard to
a safe area.

In this case, it w_ll be assumed that the selected flange

materiai:s are compatible with the system, no electrolytic corrosion problems

exist between tile materials, no problems of notch sensitivity, creep, or other

factors exist with the flange materials in the system fluids and at the temper-

atures specified. However, any condition that may affect strength, ductility,

or the machined condition of the flanges (i.e., creep, material instability

resulting from thermal cycling, and surface corrosion) must be analyz_d to

assure that these conditions will not affect the leakage capabilities or reli-

ability of the joint.

The gasket type and material(s) are selected based upon

their capacity for meeting tile leakage requirements, compatibility with the

system flui¢i, temperature effects upon the materials, and compatibility with

the mating flange materials (includes galw_nic corrosion effects and gasket/

flange surface hardness relationships). In addition, where a selection of

gaskets is still available considering these requirements, deflection and

distortion capabilities of the gasket at the design loads specified are con-

sidered. The design for this particular joint requires that the secondary

seal must also be a good positive seal at all operating conditions because the

only rellablu methods of leak detection for the leak rates specified is the

mass spectrometer which requires the inter-seal cavity to be evacuated to .i0

or .20 microns. Although there are several possible ways to attain this

requirement, they are not discussed in this report. Assume that the gaskets

selected are of the Conoseal_design. The dual Conoseal design has been used

in similar applications with good success when all the necessary requirements

for the gaskets are met in the design of the other components for the joint.

The disadvantages are that most of the "dual-seal" joint concepts increase the

diameter of the flange, which increases the weight of the joint, and the inter-

actions between the two glands which can cause an overall reduction in the

deflection and distortion capabilities of the gasket(s).

The next steps are to determine the mating flange and

gasket hardnesses (gasket softer than either of the two flanges) and galvanic

corrosion problems between flanges or between the flanges and the gasket. The

hardness of the annealed 347 CRES flange is approximately 145 on the Brinell

Scale and the hardness of the 6061-T6 flange (if properly processed during

machining and heat treatment) is approximately i00 on the Brinell Scale. In

this case, 6061-T4 aluminum gasket with a hardness of approximately 70 on the

Brinell Scale could be used. Galvanic corrosion between bare aluminum and the

stainless steel can be a very serious problem. However, this can be reduced

or eliminated by applying a chromate conversion coating to the gasket and the

aluminum groove surfaces. Anodized groove surfaces and gaskets are not recom-

m, nded as this process causes surface porosity and results in leakage, which

is greater than the allowable.

Registered trademark of the Aeroquip Corp. 69



The preliminary design layout now follows. This entails

the determination of gasket space requirements, gasket loading requirements,

flange loading and resultant stresses, and fastener requirements. The basic

flange diameter_ are determined beginning with the tubing size (in this case,

lO.O0-in. O.D.), laying in the groove requirements for the gasket, calculating

required flange loading, and determining the number of fasteners required as

well as their sizes. The preliminary flange design is then built around these

requirements. The tube wall thickness will be assumed to be 0.50-in. for the

preliminary design layout. Hoop stresses in the tube are approximately 32,000

psi at burst pressure and 22,000 psi at proof pressure, which is reasonable

for the 6061-T6 part of the Joint. The Conoseal gasket is a diametral seal;

therefore, pressure and temperature changes must not cause excessive changes

in squeeze (difference between male and female sealing diameters) on the

gasket. If changes do occur, it is preferable to increase squeeze (a tighter

seal) rather than decrease squeeze. The determination of which flange should

be the male or female half of the joint is also important. The difference in

expansion (caused by pressure) and contraction (caused by temperature) on the
free (unrestrained) tube sections can be used as the basis for this selection

in the preliminary layout.

Changes in tube diameter caused by proof pressure:

ftDt
&D =

p E
(see Appendix A for all symbols)

For the 347 CRES Tube; ft _ 22,000 psi and E = 29 x 106 psi.

Therefore,

(22xi03) (i0)

ADP347 = 29xi06

ADP347 = .76 x 10 -2 = .0076-in. expansion

For the 6061-T6 Tube; ft _ 22,000 psi and E = i0 x 106 psi.

Therefore,

(22xi03) (i0) 22xi04
_ _ 2.2xi0 -2

ADPA I = 10x106 10xl06

ADPA I = .022-in. expansion

The aluminum expands with pressure at a greater rate than the 347 CRES.

difference in the change is .022-in. - .0076-in. or .0144-in.

The
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ChanKes in tube diameters caused by temperature:

AD T = D68 x K T (see Appendix A for all symbols)

For the 347 CRES Tube; K T m -3.0 x 10 -3(22)

Therefore,

hDT347 = I0 x (-3.0x10 -3)

= -.030-in. contraction

For the 6061-T6 Aluminum Tube; K T = -4.2 x 10 -3(23) .

Therefore,

ADTa I = i0 x (-42.xi0 -3)

= -.042-in. contraction

The aluminum contracts with temperature changes at a greater rate than the

347 CRES. The difference is .042-in. - .030-in. or .012-in.

The difference in the change in the unrestrained diam-

eters caused by temperature changes and pressures is approximately equal. The

selection of male/female flange materials becomes more complicated. If, in

the system application, full operating pressure is applied to the joint before

temperatures stabilize, it may be more desirable to make tile female flange

from the 347 CRES and the male flange from the 6061-T6 aluminum. However, if

tile system is "bled-in" at very low pressures before full operating pressure

is applied, it may be more desirable to make the female flange from the 6061-T6

aluminum and the male flange from the 347 CRES. Assuming that the latLer con-

dition exists with this joint, the preliminary design will provide for a female

6061-T6 aluminum flange and a male 347 CRES flange. The "stepped" (.040x.275

C/S) dual seal concept will be used. The inside diameter of tile primary (inner)

gasket groove is 9.56-in. and the outside diameter of the secondary (outer)

gasket groove is i0.59-in. The minimum diameter to the inner edge of the bolt

clearance holes (Dc) is 10.90-in. to provide sufficient strength to prevent

local distortion.in the groove surface at the bolt clearance holes during load _

ing of the gasket. Thus, all bolt clearance holes must be outside the 10.90-in.

diameter.

After ascertaining the groove requirements for the pre-

liminary layout, the number of bolts and bolt sizes must be determined. The

bolt requirements are determined from the flange preloading requirements, wl,ich,

in turn, is determined from the known separating forces (or design loads) at

(22) Cryogenic Materials Data Handbook, op. cit.

(23) ibid.
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the joint. Also, the initial loads required to properly seat the gasket must

be known. If flat crush gaskets were used, the initial preload (which provides

the initial scaling stresses) and the allowable reduction in preload (from the

allowable reduction in sealing stresses) before leakage occurs would have to

be determined. The bolt/flange preloads in the gasket would have to be suf-

ficient to maintain the allowable reduced preload when all separating forces

(pressure, axial tension and bending moment) are applied to the joint. With

the Conoseal gasket, the primary concern is to prevent excessive separation of

the flanges at the groove because the sealing stresses will remain constant if

there is no separation or other changes in the preloaded joint when the design

loads are applied. Therefore, flange and bolt preloads must be based upon the

greater of either gasket preloading requirements or design loads. The total

load required to initially seat the gasket is:

Wg = _ (Dp + Ds) Wg (See Appendix A for all symbols)

The required gasket load intensity (Wg) for initially seating the Conoseal

gasket is approximately 500 ib/in, of circumference for the 6061-T4 gaskets.

Therefore,

W : n (9.83 + 10.33) (500)
g

= 31,700 ib

The total design loads are the sum of the separating forces caused by proof

pressure, axial tension, and bending moment. These are calculated as follows:

Load Caused by Proof Pressure:

P _ (D) 2
PW -

p 4

W = 2250 n (I,9.83,2
p 4

= 171,000 ib

The load applied from external axial tension is known:

WA = 12,000 ib

The load caused by external bending moment is:

4M
WB=--

Dbc
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The bolt circle diameter (Dbc) is not accurately known
at this point because the bolt size must be determined from the design loads.
The tube thickness can be added to the minimumflange clearance diameter (De)
to gain a first estimate of the bolt circle diameter or:

Dbc t Dc + t

Dbc = 10.90 + .50 = ll.40-in.

Therefore:

WB = 4 (!_,O00_11.40

= 6320 ib

This load must be recalculated after the actual bolt size and bolt circle

diameter has been determined.

The total design load is:

W T = Wp = WA + W B

WT = 171,000 + 12,000 + 6320

= 189_320 Ib

Thus, the flange and fastener design must be based upon

the total design load (WT) because it is larger than the required gasket
preload (Wg).

The size and number of bolts required for the joint is a

function of the stiffness of the flanges, the permissible combined stress in

the selected bolt material, the axial (or tension) load that can be attained

in the bolt at the permissible stress value, and many other variables. Selec-

tion of the size and number of bolts upon the basis of the cross-sectional

area and tension stress in the bolt is not satisfactory because either the

required axial preload will not be attained during tightening or the bolt must

be over-stressed during tightening to attain the necessary preload. Therefore,

the torque-stress-load relationship must be known for the bolt, the bolt and

flange materials, and the lubricants to be used before an accurate estimate

can be made of the axial tension load attainable in the bolt. The size and

number of bolts affects the flange design because the flanges must become

stiffer (and heavier) as the bolt spacing increases (fewer, but larger diameter

bolts) so as to prevent excessive deflection (bowing, see Figure No. 6) of the

flanges between the bolts and the loss of the gasket preload. Larger diameter

bolts enlarge the bolt circle diameter (and flange O.D.) while increasing the

moments causing rotation of the flange section. Conversely, the flange stiff-

ness (and weight) can be reduced as the bolt spacing decreases (more, but

smaller diameter bolts). Smaller diameter bolts minimize the bolt circle
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diameter (and flange O.D.) as well as the moments causing rotation of the

flange section. A reasonable preliminary estimate of the size and number of

bolts required can be gained from the bolt factor (B). The derivation of this

factor is detailed in Appendix B. The bolt factor is estimated from:

B im

.942 Dbc Fb

WT
(See Appendix A for all symbols)

Assuming the permissible combined stress in the bolt is 50,000 psi,

B = .942 (1].,40) (50,000)
189,320

= 2.835 psi
]b/in.

The bolt selected should have a bolt factor equal to or greater than the esti-

mated bolt factor to maintain the minimum bolt circle diameter. All of the

standard thread 5/8-in. bolts will satisfy the requirement (see Table V). The

minimum number of bolts required is calculated from:

WT B
n -

.9 Fb db

Where :

B = the actual bolt factor from Table V.

The minimum number of 5/8-in. bolts required for each

of the thread types is:

Number of bolts

required (n)

5/8-11 5/8-18 5/8-24

29 22 21

The efficiency of the bolt increases as the thread pitch

decreases for the same size bolt; therefore, fewer bolts are required to obtain

the same total load. In this case, the 5/8-18 bolts will be used and the num-

ber of bolts will be increased to 24 to account for unknown (at this point)

stresses caused by bending in the bolt. The actual bolt circle diameter will

be 10.900 + .625 or ii.525-in. The load on the joint caused by external bend-

ing moment (WB) and the total design load (WT) should be recalculated using
the actual bolt circle diameter.
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WB = 4 (18,000)
11.525

= 6260 lb

." W T = 171,000 12,000 + 6260

-- 189,260 ]b

The stress in tile bolt at burst pressure design loads

must also be considered. This stress must then be compared with the ultimate

strength in the bolt. Usually, the joint must withstand these loads without

any part of tile joint failing, but permanent deformations are permissible that

would render the joint unusable. In some cases, it may be required that the

Joint withstand burst design loads witi_out gross leakage. In this instance,

it will be necessary to determine the capabilities of the gasket to follow

separations or other deformations in the groow_s before gross leakage is encoun-

tered. This requirement could then become t i,e limiting design criterion for the

flanges and fasteners rather than the proof design loads previously discussed.

The next step in the preliminary design procedure is to

determine the approximate thickness of the two flanges. The grooves required

for the gasket must first be "layed-in '_ and the flanges built around these

requirements. The nominal groove dimensions for the Conoseal joint i_ shown on

the preliminary layout of Figure No. 29. These dimensions will be used for the

preliminary design. However, the supplier must b__eeconsulted for all the

actual groove dimensions and requirements for an_ of the proprietary gas'ket

designs.

For the flange analysis, it is more useful to transcribe

joint design loads into load intensities (ib/in. circumference). For prelimi-

nary analysis, the separating forces (design loads) are assumed to be acting

upon the mean tube diameter and the clamping forces (bolt preloading) are

assumed to be acting at the bolt circle diameter.

Design (separating) load intensities:

P (D) 2

P
W --

p 2 (D i + Dt)
(See Appendix A for all symbols)

2
2250 (9.83_

2 (9.00 + i0.00)

= 57.17 Ib/in.
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2 wA

wA " _ (Di + D t)

= 2 (12,000)

(9.00 + i0.00)

= 402 ib/in.

wB =

4 M

2
(Di + Dt)

2

4 (18,000)

(9.00 + i0.00)
2

= 127 Ib/in.

wT = w + wA = wBP

wT = 5,717 + 402 + 127

= 6246 Ib/in.

Preliminary calculations for the flange thickness can be

made using the following assumptions:(24)(25)

Each flange is a flat circular ring and the flange

thickness necessary for the grooves is disregarded (in this case, a very con-

servative assumption, but much less conservative than for most face seal

applications).

Poissons Ratio = .30 (approximately correct for

most materials).

No fixity at the bolted edge of the flange.

The loads resisting design loads (fastener loads)

are equally distributed at the bolt circle diameter. (They are actually con-

centrated loads at each bolt contact point.)

(24) Timoshenko, S., Strength of Mater[als_ Part II_ Advanced Theory and

Problems, D. Van Nostrand Co., Inc.

(25) Effect of Deflection Under Load on Face Seal Performance, Technical

Information Bulletin No. 1015, Harrison Manufacturing Company,

Burbank, California
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The flange thickness must satisfy two requirements; the

maximum stresses must not exceed the allowable stress for the flange material

an___dthe flange deflection at the gasket sealing surfaces must not exceed the

capabilities of the gasket. If it is assumed in the preliminary estimate that

no significant bending rigidity exists in the tube (i.e., the tube wall is

thin with respect to the flange), the minimum flange thickness required to
satisfy the permissible stress can be calculated from:

h minF =/1.5 w_ Fa(DbcDi-Log eDi -DF/Dit) (Di + DF) (See Appendix A for all symbols)

and the minimum flange thickness required to satisfy the permissible Geflec-
tion (gasket capabilities) can be calculated from:

h
min

3/ .75 wT (Dbc - D i - t) (Di + DF) (DF - Dgi)

6 a E Log e DF/D i

From the preliminary Joint design layout (Figure No. 29) and previous
calculations:

wT = 6373 ib/in.

Dbe = 11.525 in.

Di = 9.00 in.

t = .50 in.

DF = 12.45 in.

D = 9.56 in.
gi

E for 347 CRES (_ale Flange) = 28 x 106 psi

E for 6061-T6 Alum (Female Flange) = i0 x 106 psi

F for 347 CRES (Male Flange) = 30,000 psia

F for 6061-T6 Alum (Female Flange) = 40,000 psia

The total allowable deflection (separation) at the

gasket sealing surface for both flanges is .O04-in. maximum, or .O02-_a.
maximum for each flange.
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The thickness required for the male (347 CRES)flanKe to satisfy the maximum

permissible stress is:

h m

rain
F

_/1.5(6373) (11.525 - 9.00 - .50) (9.00 + 12.45)12.45

(30,000 (9.00) Log e -9.0

/1.5(6373) (2.025) (21.45)

30,000 (9.00) (.3245)

r

= V 4.74 = 2.18-in.

The thickness required for the male flange to satisfy permissible deflection

(.O02-in. maximum) is:

h z

min .75(6373) (11.525 - 9.00 - .50) (9.00 + 12.45) (12.45 - 9.56)
(.002) (28 x 106 ) (.3245)

% f

= r_33.08 = 3.21-in.

The thickness required for the female (6061-T6 Aluminum) flange to satisfy

the permissible stress is:

h
min

!

/1.5 (6373) (2.025) (21.45)

(40,000 (9.0) (.3245)
F

/
= _/3.55 = 1.85-in.

The thickness required for the female flange to satisfy the permissible
deflection is:

, _/.75 (6373) (2.025) (21.45) (2.89)
h mln_ -- (2.0xlO -3) (lOxlO 6) (.3245)

= -V 2 4 = 4.52 in.

79



The limiting requiremcnts for both tile male (347 CRES)

and the female (6061-T6 Alum.) flange is the permissible deflection rather than

permissible stress. This is usually the case even when there is considerable

bending rigidity afforded by the tubing wall (i.e., the tube wall provides

additional stiffness to the flange). It is particularly true of flange mate-

rials with low modulus and high strength, such as aluminum.

Where significant bending rigidity exists with the tube

wall, a simple calculation for flange thickness is not possible. Any addi-

tional stiffness afforded by the tubing tends to lower the stresses and deflec-

tions. The following equations can be used to estimate the stresses and deflec-

tions where significant bending rigidity exists with the tube.

The maximum stress is:

6 NO
f
t (max) 2

t

where :

mo =

5 wT (Dbc - Di - t)

.709 _5 D.t

•i + "642h + Di ( )
V:5Pit

(Log e DF/D i)

and the maximum deflection is:

(max) -
354 ft (max) (DF- Di)

et
E Di+t

Because the only unknown at this stage of the preliminary design is the thick-

ness of the two flanges, the equations can be simplified for rapid calculations

of stress with various flange thicknesses using the previous estimates as

starting points.

In this particular design, the equations for stress

reduces to:

6460
m =
o 3

i + 428h + .0384 (2h)

ft(max) = 24 m°

80



The deflection for each of the two flange materials at

the indicated stress values is estimated from the simplified equation:

6 = 3.76 ft (max)
(max) E

The thickness and stress values can then be plotted

against deflection to determine the minimal thickness of each flange that will

satisfy the permissible deflection. The values were calculated for this par-

ticular design and are shown on Figure No. 30. From this figure, it is indi-

cated that the thicknesses required co satJ:;fy the permissible deflection are:

hf = 4.42 in.

h = 3.00 in.
m

The m_Iximum stress in tile 3.00-in. male (347 CRES)

flange is approximately I0,000 psi, and the maximum stress in the 4.42-in.

female (6061-T6 Aluminum) flange is a_)proxir._Jtuly 5280 psi.

A full and detailed analysis must be made after the pre-

liminary design is completed. Flange dimensions may require adjustment, the

number of bolts and bolt sizes may require changing, and the seal grooves may

have to be relocated dependent upon the results of the analysis. This analysis

must include the additional stresses and deflections caused by bending (bowing)

between the bolts around the periphery of the flanges. The maximum stress and

deflection occurs at the inside diameter of the flange midway between the bolts.

Also, the effects of mechanical shock and vibration as well as other considera-

tions (i.e., temperature changes) must be included in the analysis.

A good method for detaiied analysis and a good preliminary

design method are available in the existing literature.(26) The method used is

an iterative process, which is useful for computer work. It also provides

detailed analyses for many types of flange (joint) configurations.

8. llandling Procedures and Problems

After the joint design problem has been satisfactorily

resolved and all of the machining requirements are specified, the next problem

becomes one of properly handling the component parts of the joint up to the

time that they are assembled. Handling of the flanges and gaskets prior to

assembly affords many possibilities for damage to critical sealing surfaces,

particularly if these surfaces are exposed. A certain amount of handling is

necessary to inspect, clean, store, and assemble parts after fabrication. The

acuteness of the handling problem depends upon the materials involved as well

(26) Rathbun, Jr., F. O., op. cit.
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as the criticality of the required surfaces. Elastomeric flat gaskets and
O-rings can be handled with minimumcare without apparent damage,although
they cannot be excessively squeezed, cut, or pii_ched. Plastic gaskets (par-
ticularly, the spring-loaded, pressure-energized gaskets that have small pro-
truding sealing edges) are muchmore susceptible to damage. The metal gaskets
are extremely susceptible to damagebecause the soft metals used at the
exposed sealing surfaces are easily scratched or domaged. IIigh strength
(hard) steel flanges are usually difficult to damageunless the sealing sur-
faces are exposed and tile parts inadvertently struck with a hard object or
rubbed across abrasive surfaces. Exposedscaling surfaces of aluminum and
softer stainless steel flanges have greater susceptibility to damage.

There are three precautions to preclude handling damage. The
steps in handling should be reduced to an absolute minimum, proper protective
packaging and equipment shou]d be provided for all phases of handling up to
the assembly of the joint, and necessary handling and assembly procedures
should be developed to eliminate the possibility of damage. Speci_,l tools
and equipment maybe required in the inspection and cleaning areas. One
method used satisfactorily for the proprietary gaskets is to require that the
supplier clean and properly package the parts before shipment. This neces-
sitates either inspection at the source of supply or a destructive sampling
by the user, but it provides greater assurance of satisfactory parts. The
sameprocedure, while less desirab]e, could bc used for flanges, it is much
easier to provide protective covers or packaging that can be installed imme-
diately after machining and used in all handJing operations thereafter.

9. Assembly Procedures and Prob]ems

The final problem in attaining a good joint is the assembly

of the component parts. This involves not only proper handling to prevent

damage to the parts, but good techniques of assembly to assure proper seating

at the sealing interface.

If adequate protective packaging is provided after L.,, clean-

ing operation, interface surfaces will be free of foreign particles ti_t could

interfere with proper sealing surface contact. If cleaning is not prcvious]y

required, it wi]l be necessary to assure that all interface surfaces are franc

of foreign particles. This must be accomplished using solvents that are co_:-

patible with the system fluids and lint-free (non-sluffing) tissues or clot_.

IIard-faced tools must not be used during the cleaning operation as they can

easily damage the sealing surfaces. Soft plastic devices with tissue or cloth

covers are usually used for cleaning flange surfaces.

Proper lubrication of the joint fasteners will be required.

As previously mentioned, this can determine whether sufficient axial load is

imparted to the fasteners to provide the essential preload. If spray-on coat-

ings are included in the fastener design and the method for determining the

proper loading has been developed, the problem can be reduced or eliminated.
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Lubricants, greases, and similar substances should not be

used on the gaskets. They may affect the adequacy of the seal during tl_e

operat{ng ]ire of the joint. If lubricants are needed so as to pass tile

initial leak test, the parts should be examined to assure that all machining

and s,i_-face finish requirements have h_l_n ,<_atisfied. The joint design should

provic,_, sufficient deformation at the sea]i_g interface to preclude tile neces-

sity for using lubricants, greases, and similar substances to achieve a satis-

factory seal.

Alignment of the two halves of tile joint must also be con-

si,iert,d in assembly. If this appears to be a potential problem, it should be

considered during the design of the joint. Alignment pins, shoulders, and/or

similar means should be provided to accompli,,_il proper alignment before contact

is made with the gasket. Otherwise, a L-elat tvely non-precise assembly oper-

ation can result in an unsatisfactory (leakilig) joint.

The flanges must be <tvawn together as parallel as possible to

proviG_, even loading at the sealing ii_terface. This requires a proper tighten-

,ing sequence on the fasteners. The acuteness of the problem depends upon gasket

materials (resiliency and how critics] any unequal loading is) as well as how

stiff the fianges are. The more resilient elastomer gaskets tend to account for

some non-parallelism between the flange faces and minor loading variations

around the p_'riphery of the gasket. On the other hand, the metal crush washers

and flat plastic gaskets are extremely dependent upon flange parallelism and

equal loadin_ around the periphery to obtain and maintain sufficient sealing

,',tresses. The common elastomeric, ambient service O-ring presents the least

acute _i,_;sem}.iy problems because its main requirement is an assurance that no

gap exists b_tween the flange faces. However, the loading around the periphery

must bc reasonably equal to prevent separation of the flange faces, thereby

preventing extrusion and nibbling of the O-ring. The plastic-jackett_d gaskets

are equivalent to the elastomer O-rings as regards assembly. Equal bolt loading

becomes more critical with the elastomer O-rings in extremely low temperature

service because of the very high squeeze and accompanying high loading required
to provide a satisfactory joint.

Parallelism between tile flange faces and equal loading around

the periphery of the gasket is extremely critical for the less resilient, flat

plastic gaskets as well as the all-metal crush washers and gaskets. These

gaskets depend upon parallelism and loading to both obtain and maintain equal

sealing stresses around the periphery of the gasket.

A suggested tightening sequence pattern for the elastomer

O-rings and plastic-jacketed gaskets is shown on Figure No. 31. The more

critical tightening sequence patterns for the other gaskets are shown on

Figure No. 32. The "I/2-turn" value shown on Figure No. 32 has proven to be

satisfactory for most all-metal gasket joints. However, it is dependent upon

the fastener thread pitch and the load compression characteristics of the

gasket; therefore, a smaller value may be necessary for some joints. In these

latter instances, the permissible value must be determined by actual tests and

this value must then be specified on the joint assembly drawing and specific_,-
tions.
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F_AMP _ A

3

1

2

4

3

5

1

2

4

MULTIPLF_ OF 4

h
8

16

ALLOWABLE BOLT PATTI-_NS

MULTIPLES OF 6

6
12 72
24 90
36 120

48 180
60 240

I

I@ WHEN ASSF_4BLING FLANGED JOINTS, INSTALL BOLTS AND TIGHTEN IN

SEQUENCE, AS SHOWN IN F/AMPLES A OR B, AS APPLICABLE*, UNTIL

THE FLANGES AND BOLTS ARE SEATED.

*' ON FLANGES THAT HAVE. BOLT PATTERNS %_iICH ARE MULT]3_I;_S
OF EXAMPLES A OR B (SEE ABOVE TABLE), SELECT THE NEXT

BOLT MIDWAY BETW"h_.NTWO BOLTS THAT HAVE ALRFADY BEEN

TIGHTENED AND RF2FAT THE SAME CYCLE UNTIL AT LEAST 50%

OF THE BOLTS THAT HAW] BE}_ TIGHTENED - THE R_AINING

BOLTS ARE TIGHTENED IN RANDOM SEQUENCE.

2. TIGHT_ ALL BOLTS TO 1/3 OF SPECIFIED TORQUE VALUES IN THE

SEQUKNCE INDICATrD IN I ABOVE.

3e TIGHTEN ALL BOLTS TO 2/3 OF SPECIFIED TORQUE VALUES IN THE

SEQUENCE INDICATED IN 1 ABOVE.

he TIGHTT_ ALL BOLTS TO 100% OF SPECIFIED TORQUE VALUES IN T_{E

SEQUENCE INDICATED IN 1 ABOVE.

Fi_ure 31

Suggested Tighten_nc Sc,luence Patterns, O-Rini]s

(Standard Squeeze) and Plastic-Jacketed Gaskets
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,

3

EXAMPLE A F/AMPLE B
_ gq

1 1

3
4

5

2 2

ALLOWABLE BOLT PATTERNS

MULTIPLES OF 4 MULTIPLES OF 6

6

h

h
8

16

6
12 72

2h 9o
36 120

48 18o
60 240

l@

2@

Wli_ ASSEMBLING BOLTED JOINTS, INSULT TIIE BOLTS AND
TIGIITEN 'rlll@l FINGER-TIGIITo

TIGHTEN ALL BOLTS 1/2 TURN (a) IN '_'_ SEQUENCE StlOWN
IN EXAMPLES h OR B, AS APPLICABLE_U)o BEFORE APPLY-

ING THE WRENCII FOR TIlE 1/2 TURN (a) , ASSURE TIIAT TIlE
BOLT IS FINGER-TIGIIT.

(a) Except where smaller values are specified

on the Engineering Drawing°

(b) On flanges that have bolt patterns which

are multiples of examples A or B (see above

table), select the next bolt midway between

two bolts that have already been tightened
and repeat the same cycle until all bolts

have been tightened to the specified value°

CONTINUE THE TIGIITENING PROCEDURE UNTIL TIIE SPECIFIED

TORQUE IS APPLIED TO EACII BOLT.

Figure 52

Sugcested Tightening Sequence i_,'_ t(_rns, High-Squeeze

O-Rincs , Flat Elastomer and Plastic Ga<_i_{e_s,and All-Metal Gaskets



B. TEST PROCEDURES AND TEST EQUIPMENT

There were two types of testing used as data sources. _lese were

the laboratory tests, wherein seal performance evaluations were accomplished,

and the component development tests, which encompassed the static seals at
the interfaces.

There were two phases to the L;;boratory Testing; tile prellminary

tests and the pre-qualification tests. Table VI is a listing of the tests

conducted in each phase.

The flanges and fasteners used in the preliminary test series were

designed so as to eliminate, insofar as practicable, deflections and distor-

tions. Typical preliminary, heavy-duty, test flanges are _hown on Figure

No. 33. Grooves, .O02-in. to .005-in. deep by .030-in. wide, were machined

radially across the face of the female flange to assure that a seal was not

formed between the flat faces making contact between the flanges.

The purpose of tile preliminary test series was to obtain design

data concerning the preparation of tlle mating surface, the seating load and

assembly procedures needed for a particular gasket configuration, and the

minimum leakage rate capability of the design. In addition, preliminary data

was gained pertaining to the ability of the gasket to follow deflections and

distortions in the flanges.

Test cells were then designed and fabricated for a particular

gasket based upon the preliminary test data. _lese test cells were of a mini-

mum weight construction and suitable for a particular application of design

pressures, temperatures, fluids, and environments. _ey also simulated the

system Joints proposed for the application. _lese test cells were used for

the pre-qualification test series listed on Table VI. Figures No. 34 and

No. 35 show typical test cells that were designed for two different applica-
tions.

The Pre-Qualification Test Series had a twofold purpose; to verify,

as closely as possible, the design parameters gained from both the preliminary

tests and other available data as well as to define any potential problems that

might be encountered with the system joints. Combination tests (i.e., low

temperature vibration) were also conducted as part of this series when the

combinations tested were considered to be potential problems.

The data accumulated during the laboratory testing was eventually

used for actual component Joint design.

The data gained from the component development tests is included

herein along with the procedures and test equipment used for each of the tests.
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TA_{LE V£

LABORATORY TES/ ,:ERI ZS A_',_D SE_4UENCE

Preliminary

Pre-Quallfication

FLANGE TYPE

lleavy Duty

Minimum Weight

le

_o

5.

40

50

6,

7,

8.

Ti_STS COi_ DUCT ,lid

Detailed Flange and Gosket

Inspection.

Loading Tests.

Assembly Requirements (Procedure

from Figure No, 31 or No, 52) -

_iodified as necessary to properly

seat the particular gasket

configuration,

Proof Tests.

Leak Tests,

Flange Axial Separation and

Angular _lisalignment Tests,

Flange Reusability Tests,

Preliminary Burst Tests,

1o Detailed Flange and Gasket

Inspection,

2. Proof Tests.

5, Leak Tests,

4, Temperature Tests (Low and tligh).

5o Thermal Shock and Thermal

Cycling,

6. Fluid Resistance and Compati-
bility,

7, Salt Spray and Storage,

8, Vibration Tests,

9. Burst Tests.
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Typical Prelimin_ry Test Flanges
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i. LabOratory Evaluation Tests

a. Flange and Gasket Inspection

The actual cr_tica] _;,rface finishes, flatness, and

dimensions of both the mating fl;_:,4t _'_and gaskets were inspected and recorded.

Tile critical sealing surfaces on ti,e fIange:_ and gaskets were first visually

examined (using microscopes if required) for nicks, dents, scratches, or other

imperfections that would be detrimental to the effectiveness of the seal. The

gasket and flange surface finishes were determined using a direct-reading sur-

face analyzer (Taylor Hobson Talysurf Model 3) when the surface hardness and

the analyzer stylus loads were such that no scratches were introduced on the

surface by ti_e stylus. For tile soft_,r surfaces, surface replicas were

analyzed, iiowever, in many instance:;, the surface finishes were determined by

visual comparison using standard surface g;_uges. This was particularly true

for the softer gasket materials, suci_ as Tt flon. The accuracy o_ tills method

is limited, because it largely depends upon interpretation by the inspector.

111e free height and critical diameters of ti_c gasket and the groove depths,

diameters, and other critical dimensions of the flanges were determined using

instruments that were either modified or designed to prevent any extraneous

scratches, scores, or other damage to the critical surfaces during tlle inspec-
tion.

b. Loading Tests

The loading tests were conducted using the preliminary

(heavy duty) flanges. The test set-up for the loading tests is shown on

Figure No. 36. The weight of the upper flange (usually the male) was deter-

mlned, the gasket and the upper flange was installed, and the flange gap deter-

mined for the "no load" condition. The "no load" condition was estimated from

the known gasket free height and groove dimensions for those gaskets designed

for very light seating loads. The flange gap obtained with the uppec flange

weight was used as the initial point for those gaskets requiring higher seating

loads because this load was essentially the same as the zero load point. The

dial indicators were then "zeroed." The load was then applied through the

calibrated load cell in even increments and the flange gap measurements and

dial indicator readings recorded at each increment until the flange faces

"bottomed-out" (in the case of the pressure energized gaskets) or until a pre'

determined compression was obtained (flat gaskets, crush washers, and some

diametral gaskets). The load was then relieved in even increments and the

flange gap measurements and dial indicator readings recorded at each increment

until the load became zero. After completion of the loading tests, the gasket

was inspected to determine the permanently deformed sealing edge width, mean

sealing edge diameter, and gasket free height. In some cases, the gasket was

carefully sectioned and photomacrographs made to further analyze the deformed

configuration. Also, the critical surfaces on the mating flanges were examined

for any detrimental distortion or scoring.
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c. Assembly Procedures and Requirements

The assembly procedures used depended upon the f1_nge

and fastener configuration as well as the particular gasket being tested.

Initially, one of the sequences shown on Figure No. 31 or No. 32 was used for

bolted Joints after the bolts were lubricated and installed "finger-tight"

while maintaining flange parallelism. F_difications were made to this pro-

cedure if necessary to properly seat the particular gasket configuration. The

other Joint configurations (i.e., V-band coupling joints) were assembled in

accordance with the manufacturer's recommendations.

d. Proof Tests

Each joint was proof t_'sted before the initial leak tests

were conducted to ascertain if any detrimenta_ effects were introduced at proof

test pressures. Proof pressures were ]50% of the maximum expected operating

pressure for ti_e particular application or 200% of the nominal operating, if

the maximum operating pressure was not known. However, most of the proof tests

were conducted at 2000 psig. Pressure was applied in increments of 10%, 25%,

50%, 75% and 100% of proof pressure and held for five minutes at each incre-

ment, during which time, the joint was visually examined for leakage. The test

media used was water, gaseous helium, or gaseous nitrogen depending upon the

application. Gas proof tests were conducted with the joint submerged in water

to facilitate detecting any leakage. Pressures were then lowered in the same

increments and held for five minutes at each increment. If leakage was noted,

the joint was disassembled and the parts were reinspected to determine what

permanent distortions or other detrimental changes had occurred.

e. Leakage Tests

Inert gas was used to i_ressurize the test joint in incre-

ments of approximately 10%, 25%, 50%, 75%, aL_d 100% of final leakage test

pressure and held for a minimum of five minutes at each pressure level. Final

leakage test pressure was 75% of proof pressure (usually 1500 psig). _o

methods for detecting leakage was used; the test joint was submerged in water

and leakage was collected in a graduated beaker or leakage was detected using

a mass spectrometer leakage detector. Figure No. 37 illustrates a typical water

submersion leakage test set-up for the single seal. _e set-up for dual seal

Joints is shown on Figure No. 38. Leakage was collected in the water-filled

inverted graduated beaker at each test pressure. The primary seal leakage

monitoring line for the dual seal joints was sufficiently pressurized to emit

gas bubbles from the submerged end of the line before leakage test pressures

were applied to the test joint. The low-pressure gas line hand-valve was then

shut-off, checked for leakage, and the beaker was installed over the collector

tube end. _en, the water level in the beaker was noted. The test pressure

was applied to the test cell and the change in the water volume withal, [he

beaker was recorded during the hold period at each pressure level. A]thougl_

helium gas was used for most of the tests, some of the tests were conducted

using nitrogen gas. If there was no leakage detected using this method, the

joint was then subjected to a leakage check using the mass spectrometer

(Consolidated Electronics Corporation Model 24-210B Helium Leak Detector).
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Two methods of leakage detection with the mass spectrom-

eter were used for the single seal joints. In one method, the sampling probe

attachment of the mass spectrometer was used as illustrated on Figure No. 39.

First, the leakage detector was calibrated. Then, the sample probe, which is

more commonly known as the "sniffer," was connected and laboratory background

readings were determined. The joint was tl_en scanned by moving the "sniffer"

around the outer periphery of the fl;_nF_e Jnterfn('e to determine if any leakage

existed above the background reading at ea_l, pr_'_surt_ level. This method of

leakage detection poses a problem in that ]eaka_e can exist but be below the

background reading (usually approximately 1.0 x 10-7) of the detector and it

is assumed that leakage is less than the background w_iue. Should leakage be

detected above the background value, it is difficult to either assign or cal-

culate a true leakage value because the probe collects from only one small

area at a time and the background value can be different for each area. This

is particularly true if the reading varies around the periphery of the joint.

In a_dition, the detector is analyzing a pre-set constant flow of gas into the

mass spectrometer.

The second method applied to single seal joints involved

the use of the mass spectrometer in conjunction with a vacuum chamber as illus-

trated on Figure No. 40. The test joint was installed into the vacuum chamber

and connected to the gas pressurization line. The leakage detector was con-

nected in parallel with the vacuum chamber pump. Initial chamber evacuation

was accomplished with the vacuum chamber pump and completed by using the leak-

age detector system. After the system was evacuated to the level required for

the mass spectrometer, the background reading was determined (helium leakage

into the chamber from the external environment), the test cell was pressurized,

and leakage measurements were made at each pressure level. The total leakage

from the test joint was assumed to be the difference between the readings at

each pressure level and the background reading. The accuracy of this method

depends upon the number of other pressurized joints (i.e., tube connectors)

that are inside the vacuum chamber and upon whether the background reading is

above the lower limit of the leakage detector. Accuracy can be greatly

improved by eliminating all of the pressurization line connectors from inside

the vacuum chamber.

A typical leakage test set-up for the dual seal joints

using the mass spectrometer is shown on Figure No. 41. The leakage sampling

llne of the mass spectrometer is attached to the leakage monitoring port of

the test cell. This leakage monitoring port vents the interseal cavity, which

is evacuated to the level required for the leakage detector and any background

reading is noted. The test cell is then pressurized and readings are taken at

each pressure level. The total leakage from the primary (inner) seal is

assumed to be the difference between the background reading and the reading at

each pressure level. The accuracy of this method depends upon the character-

istics and capabilities of the secondary (outer) seal as well as the deflec-

tions encountered in the flanges and fasteners at the various pressure levels.

This is the most accurate of the leakage test methods used because the pres-

sure differential across the secondary outer seal is constant providing that
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no deflections occur in tile flanges at the various pressure levels or tile

secondary seal is capable of maintaining the seal even if deflections are
encountered.

f. Flange Angular Misalignment Tests

Tests were conducted to determine the necessary paral-

lelism which must be maintained between the flange faces. Only the heavy duty

flanges were used. These test results were used as an indic_Jtor of permissible

Joint deflections resulting from externally-applied bending moments and/or the

permissible angular misalignment between the flange faces during the assembly

of a particular gasket configuration. The joint was first assembled in the

normal manner. It was then leak tested, proof tested, and again leak tested

to determine the initial leakage rate. _e bolts were then loosened only to

the extent needed to permit the insertion of a .002-in. thick shim (or a shim

.002-in. thicker than the normal flange gap at tile bolt circle) between the

flanges for either a one-third or one-quarter segment of the bolt circle as

shown on Figure No. 42. The bolts were then retightened in proper sequence

and the joint was again leak tested, proof tested, and leak tested. Additional

.002-in. thick shims were added after each test cycle until the leakage
increased sharply or the seal failed.

g. Flange Axial Separation Tests

Straight axial separation tests were conducted to deter-

mine the effects of axial deflections, or to gain an indication of the axial

deflection permissible for a particular gasket configuration. Only heavy duty

flanges were used. Two methods were used. In the first method, the joint was
assembled in the normal manner and leak tested to determine the initial leak-

age rate. The bolts were then loosened just enough to insert a .002-in. thick

shim in one-third the bolt circle segments, similar to the assembly shown on

Figure No. 42 except this time all around between the flange faces. With gapped

flanges, shims were .002-in. thicker than the flange gap. If the joint again
satisfactorily passed the leakage test, additional shims were added in .002-in.

increments until leakage increased sharply or the seal failed. The second

method was to decrease the bolt (or fastener) torque values in predetermined

increments and measure the change in flange gap with indicating gauges con-

nected to the flanges at each incremental pressure.

h. Flange Reusability Tests

Flange reusability tests were conducted with most of the

all-metal gaskets, particularly if the gasket base material hardness was either

approximately equivalent or greater than the flange material hardness. The

joint was properly assembled, leak tested, proof tested, and leak tested. _le

joint was then disassembled and reassembled (using a new gasket at each

assembly) for a total of 30 assembly cycles or until leakage became excessive.

The flange surfaces were then reinspected to determine the cause of leakage.

If necessary and possible, the flanges were re-machined to the acceptable

requirement for the gasket. Gasket reusability tests were not conducted

because it was previously determined that reusability was not desirable.
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It was determined to be extremely difficult to reassemble the gasket in the

previous position and the possibility of damage in removal precluded tile

acceptability of re-using the gasket. However, some gasket reusability data

was obtained under laboratory conditions when the gasket was deemed suitable
for additional tests.

i. High Temperature Tests

High temperature tests were conducted witi_ some test

cells, primarily the all-metal gaskets, at the maximum temperature expected

for a particular application. The joint was either soaked in an oven (if the

maximum desired temperature was less than 300°F) or flowed with hot gases (if

the maximum desired temperature was above 3000F) until the joint temperature

stabilized. Leakage tests were made at ambient temperature before the test,

at stabilized high temperature (if feasible), and again at ambient temperature.

The maximum temperature used depended upon the application for which the par-

ticular seal was being tested. The joint was then disassembled. All parts

were examined and reinspected for any detrimental changes. Figure No. 43 is a

schematic of a typical test set-up for test temperatures above 900°F.

J. Low Temperature Tests

Low temperature (cryogenic) tests were conducted in two

different ways to simulate conditions expected with actual hardware joints

depending upon their locations in the various systems. The first method

involved low temperature bleed-in with subsequent pressurization, and the sec-

ond procedure included simultaneous pressure and temperature application.

Ambient temperature leak tests were conducted on all joints before the low

temperature tests were performed.

Low temperature bleed-in was performed at low pressure

until the temperature stabilized in the joint. The maximum leakage pressure

was then applied and the leakage rate was determined with a mass spectrometer

or by visual observation if the rate was above the mass spectrometer

capabilities. The test media was liquid nitrogen (for liquid oxygen system

applications) or liquid hydrogen during bleed-in, and low temperature helium

for the actual leak test. Figure No. 44 shows a typical test set-up for dual

seal test cells.

The second method for low temperature testing consisted

of flowing cryogenic fluid through the test cell at design pressure (i.e.,

pressure and temperature applied simultaneously) until the cell temperatures

stabilized. If no visible leakage was observed, low temperature helium was

applied to determine the actual leakage rate with the mass spectrometer if the

leakage rate was within the measuring range of the instrument.

In most cases, the fastener torque value was determined

both before and after the tests.
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k. Thermal Cycling Tests

If the joint passed the high and/or low temperature

tests, thermal cycling tests were conducted to ascertain the affects of cycling

upon leakage rates, changes in fastener tension, and other parameters. These

tests were conducted in two different ways dr'pending upon the application

desired. With joints for low temperature applications, the joint was: soaked

at the highest expected environmental temperature and leak tested; flowed with

cryogenic liquid until the temperatures stab{lized and leak tested; and then,

returned to the highest ambient environmental temperature and leak tested.

The test was continued for a total of 30 temperature cycles, or until excessive

leakage was encountered, whichever occurred first. With joints for high tem-

perature applications, the joint was: soaked at the lowest expected ambient

environmental temperature and leak tested; flowed with high temperature gases

until the temperatures stabilized and leak tested (if feasible); and returned

to the lowest environmental temperature and again leak tested. These tests

were repeated for a total of five cycles, or until excessive leakage was

encountered, whichever occurred first.

i. Fluid Resistance and Compatibility Tests

Fluid resistance and compatibility tests were conducted

to ascertain the storage capability with system fluids and simulated conditions

of the actual system. This test applies primarily to joints for use in stor-

able propellant systems. The joint was: leak tested with gaseous nitrogen;

filled with system fluids for a specified time and again leak tested; flushed

with the solution to be used in the system and leak tested with gaseous nitro -'

gen; and then stored at the highest expected ambient environmental temperature

(usually +I60°F) for a period of 15 days with appropriate plugs installed at

the inlets and outlets to the Joint. The ambient gaseous nitrogen leakage

test, fluid leakage test, flushing, and subsequent ambient leakage tests were

repeated after one month. The joint was then disassembled and examined for

corrosion, permeation, or other detrimental affects.

m. Salt Spray and Storage Tests

Tests were conducted with some joints to determine the

affects of long term ambient storage conditions and salt spray. These tests

were devised to ascertain any salt environment or electrolytic corrosion

problems. Salt spray tests were conducted in accordance with MIL-STD-810,

Method 509, or MIL-E-5272C, Procedure I, as appropriate for the particular

application. Leakage tests were conducted before the test and after the test

was completed. Fastener torque values were also determined before and after

the test. The Joint was then disassembled, inspected, and visually examined

to determine any deleterious effects.

n. Vibration Tests

Vibration tests were conducted with some joints to deter-

mine the suitability of the joint for various applications and to ascertain any

detrimental affects upon the joints and gaskets. These tests were conducted in
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accordance with MIL-STD-810, Method 514 for ground launched missil(.s, or

MIL-E-5272C, Procedure XIV, as appropriate for the particular application.

Leakage tests were conducted before the test and after the tests were completed.

Fastener torque values were also determined before and after the tests. _le

Joint was then disassembled and all parts were inspected and visually examined

to determine any detrimental distortion, deterioration, or other affects.

o. Vibration-Low Temperature Tests

Vibration tests were also conducted at low temperature

with some joints to be used in cryogenic applications to determine the affects

upon the joint and gasket. Vibration levels were as specified in the previous

section and the test fluid was liquid nitrogen. The leakage tests were con-

ducted before the test, at specified time intervals during the test, and after

the test was completed. The fastener torque values were also determined before

and after the test. The joint was then disassembled and all parts were

inspected and visually examined to determine any detrimental distortion, deter-

ioration, or other affects.

p. Burst Tests

Preliminary burst tests, using heavy duty flanges, were

conducted with some gaskets to determine the ability of the gasket to withstand

burst pressure at various flange separations without extrusion, gross leakage,

or gasket failure. The test joint was properly assembled with appropriate

final bolt torque values and instrumented to determine any separation of the

flange faces as shown on Figure No. 45. Hydrostatic pressure was then slowly

applied to the Joint up to the nominal burst pressure (1.33 or 1.50 times proof

pressure depending upon the application) or until either failure or gross leak-

age occurred. When either failure or gross leakage occurred, the pressure and

any separation of the flange faces were noted. The joint was then disassembled.

The gasket was examined for detrimental distortions or the cause of failure or

gross leakage and the flange surfaces were examined for damage. If the flange

faces were damaged, they were resurfaced to the requirements of the gasket.

If there was no apparent damage to the flange surfaces, a new gasket was

installed and the bolts were properly tightened to 75% of specified torque.

The flange was then instrumented as shown on Figure No. 45 and hydrostatic

pressure was slowly applied until failure or gross leakage occurred. This

sequence was repeated using a new gasket and properly surfaced flange faces

until failure, gross leakage, or extrusion occurred at very low pressures.

Final bolt torque values were decreased in increments of 50%, 25%, 10% and

zero.

The pre-qualification burst tests with minimum weight

flanges were conducted to determine the ability of the test cell or joint

design to withstand ,the design burst pressure without failure or gross leakage.

All these tests were conducted with the joint assembled with the specified

final torque values applied to the bolts or fasteners. Hydrostatic pressure

was slowly applied up to nominal burst pressure. If no gross leakage or per-

manent distortion was observed, the pressure was relieved and the fastener

torque values were noted. The joint was then disassembled and all parts
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examined to determine any permanent distortions or other detrimental effects.

If none were present, the joint was reassembled with a new gasket and hydro-

static pressure was applied slowly until the joint failed or gross leakage

occurred. Subsequently, all parts were examined to determine permanent distor-

tions or the causes of gross leakage.

2. Component Tests

Data were collected for joints in actual hardware (l_iring com-

ponent development and system tests. The component development tests were

devised for the particular component to determine its acceptability for the

particular application. Data collected from system tests are more in the form

of reliability data and do not locate or define the problem area. The compo-

nent development tests conducted were as follows:

a. Proof Tests

Proof tests were conducted to determine any detrimental

permanent distortion. Test media was water in some tests and dry gaseous

nitrogen in other tests, depending upon the application. Proof test pressures

were also as specified for the particular application and the location of the

component in the system. Leakage was determined by submersion in water (for

nitrogen proof tests) or by visual observation (for water proof tests). If no

leakage or detrimental distortions were noted during this test, tests as

defined in the following discussions were conducted. If leakage or detrimental

distortions were noted, the component was disassembled and all parts were

inspected and visually examined to determine the extent of permanent distortions

or the cause of leakage.

b. Leakage Tests

Leakage tests were conducted to determine the effective,

ness of the various sealed joints in the components. The test media used was

dry gaseous nitrogen or gaseous helium, depending upon the application. Leak-

age test pressures were also dependent upon the application, but were usually

75% of proof pressure. Leakage test methods were dependent upon the component

design and the application. Two leakage test methods were used for the single

seal joint designs; these were water submersion, and a vacuum chamber with a

mass spectrometer attached. In the water submersion method, the component was

submerged in water and pressurized in even increments to the leakage test pres-

sure for five minutes at each incremental pressure and the leakage was collected

into a calibrated inverted beaker. The second method consisted of installing

the component in the vacuum chamber, to which the mass spectrometer was

attached, pressurizing the component in increments to the leakage test pressure

for five minutes at each incremental pressure and measuring leakage with the

mass spectrometer. Two leakage detection devices were used for the dual seal

joint designs. After the external seal was satisfactorily tested (by submer-

sion method with pressure between seals), the inter-seal cavity was connected

(through a leak test port) to either a flowmeter or a mass spectrometer, depend-

ing upon the component and the application.
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c. Low Temperature Leak Tests

For those componentsdesigned for cryogenic applications,
low temperature leakage tests were devised to determine the affects of low tem-
perature upon maintaining the initial seal at each joint in the component.
These tests usually consisted of low temperature (cryogenic) "bleed-in," then
pressurization to leakage test pressures with gaseous helium or nitrogen depend-
ing upon the temperature of the liquid used in the application. Leakage tests
were conducted at ambient, low temperature, and again, at ambient temperature.

d. Thermal Cycling Tests

Thermal cycling tests were conducted with the components
to determine if any deterioration of leakage rate capabilities occurred as a
result of cycling. The temperatures involved in the thermal cycling tests
dependedupon the expected operating temperature of the component. For compo-
nents designed for low temperature applications, the componentwas cycled
between the highest expected environmental temperature and the lowest operating
temperature. Leakage tests were conducted at each temperature during the cycle.
The numberof cycles was determined by the particular application, but usually
consisted of a minimumof five cycles. For the componentsdesigned for high
temperature applications, the componentwas cycled between the lowest expected
environmental temperature and the highest expected operating temperature.
Leakage tests were conducted at each temperature during the cycle. Again, the
number of cycles was determined by the application, but usually consisted of a
minimumof five cycles.

3. Systems Tests

After the component was sufficiently developed, it was

installed into the actual system. Leakage tests of the complete system were

conducted at low pressures to be reasonably assured that all Joints were satis-

factory before an actual test of the system. The method used for leakage

detection depended upon the system, application, and joint design. The test

usually consisted of applying 50 psig to the system and measuring pressure

decay for a i0 minute period. If pressure decay was within pre-established

limits, the system was considered satisfactory for the actual tests. If the

pressure decay was above pre-established limits, each Joint in the system was

checked further to locate the predominant leakage points. Corrective meaaures

were taken to reduce or eliminate the predominant leakages and the system was

rechecked. Leakage was determined during the actual system test by visual

observation. After the actual test, the system was again leak tested as pre-

viously described.

ii0



C. TEST RESULTS

i. Laboratory Tests

a. Loading Tests

Results of the loading tests conducted with the i_skets

tested are presented on Figures No. 46 through No. 61. Where possibi_, tile

calculated sealing stresses are also included in the figures. _le stress

values at final loading conditions are based upon the deformed width and mean

diameters of tile sealing area of the gaskets when removed from the assembly.

_le primary concern was to determine whether sufficient sealing stresses are

obtained during loading and at what point of flange separation the sealing

stresses dropped below the minimum required levels necessary to maintain

sufficient sealing characteristics. Loading values are presented in load per

unit length of sealing surface (ib/in. circumference) because the proprietary

gaskets are designed for a range of diameters using the same cross-sectional

configuration and should provide the same unit loading if the effects of the

radius of curvature are discounted. The loading test results justifies the

use of these units. Variations in load values (i.e., total load/_x sealing

surface diameter) for different diameters of the same cross-sectional config-

uration was found to be much more a function of machining tolerances (groove

depth, gasket free height, and gasket leg or spring thickness variations) than

diameters. _is was valid at least for the range of diameters tested of a

particular cross-sectional configuration.

Loading data for normal squeeze on elastomeric O-rings

were previously discussed. The data were available in existing literature (27)

and were presented on Figure No. 12. For temperatures within the useful range

of the material (where the elastic properties are still retained), the loading

values are low in comparison with the other types of seals. The O-rings are

not satisfactory with normal squeeze for very low temperature service because

the elastomeric materials become brittle at very ½_w temperatures (below
approximately -IO0°F). It has been proposed (28)( ) that high squeeze (70% to

90%) could be used to provide static seals for very low (cryogenic) temperature

applications. Loading tests were conducted using 0.139-in. cross-section

Silicone and Teflon O-rings and the data are included on Figure No. 12. With

the high squeeze (90%), most of the elastic capabilities are lost. Permanent

set (compression set) can be equal to the squeeze with some elastomers and

(27)
Seal Compound Manual, Parker Seal Co. Catalog C5702, July 1964

(28)Weitzel, D. H., Robbins, R. F., Ludtke, P. R., and Obori, Y., Elastomeric

Seals and Materials at Cryogenic Temperatures, National Bureau of Standards

(This is a continuing series of reports initiated in 1960 that are avail-

able through the Defense Documentation Center for Scientific and Technical

Information (DDC), Cameron Station, Alexandria, Virginia 22314)
(29)

Timmerhaus, K. D. (Editor), International Advances in Cryogenic Engineer-

ing, Annual Proceedings of the Cryogenic Engineering Conference, Plenum

Press, 1960 through 1965
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plastics. The compression set with the Teflon O-rings with 90% squeeze was

95% and with the Silicone O-rings, 90%. The Teflon breaks down at approxi-
mately 75% squeeze.

All the "pressurc-encr/ized" gaskets were permanently

deformed (set) during the loading tests. Typical examples are shown on

Figures No. 47, No. 48 and No. 51. None of these gaskets returned to their

initial free height when they were unlo;ided. Springback varied from approxi-

mately 30% to 60% (of initial squeeze) for the plastic-jacketed gaskets and

from approximately 10% to 90% for the _,ll-mctal gaskets. This is not a

serious problem with the plastic-jacketed g._kets because sufficient _ealing

stresses are maintained up to .010-in. separation of the flanges.

l]_e initial squeeze o_ the Raco seals varied from

.075-in. to .060-in. and, after loading, the minimum springback was .020-in.

The initial squeeze on the Omniseal was .035-in. to .030-in. and, after loading,

the minimum springback was .017-in. lqle springback is usually very im_ortant

with the all-metal gaskets, because the initial squeeze is small. Initial

squeeze varied from .003-in. for one version of the Astrodynamics seal to a

maxim_m of .025-in. for one version of the metal O-ring and the Pressure

Science C-Ring. Usually, the gaskets with very low _nitial squeeze had the

h]gher springback, which is essential if any flange deflection capabilities

are to be attained. The gaskets with the highest initial squeeze had the

least amount of springback. The metal O-rings and the Pressure Science C-Ring

had the highest initial squeeze (.025-in.) but returned only .0025-in. (10%

springback). The initial squeeze on the Pressure Science E-Ring, Parker V-seal,

and Tetrafluor TV-Seal was lower, but these seals returned almost to their

initial free height (90% springback).

The gaskets with the higher springback have a better

chance for maintaining sufficient sealing stresses when flange deflections

occur. However, the initial squeeze should be as high as possible and the

loading must be sufficient to gain the initial seal. Ideally, the best gasket

capabilities are attained with high squeeze and high springback. Unfortu-

nately, this is very difficult to achieve without very high initial loading
because of the characteristics of the materials.

The Omniseal jacket extruded between the spring coils in

the single spring configurations. This would tend to cause variations in

sealing stresses and sealing edge width around the gasket sealing edges.

Compensation for this condition was possible by either increasing the preload

so that the minimum sealing stress was attained, or the thickness of the

plastic jacket under the sealing edge could be made thicker to "bridge" the

gap between coils. The units tested apparently did this satisfactorily

because the variations in compressed sealing edge widths were very small.

However, this may require further investigation with other single spring

configurations (cross-sections) of the Omniseal if problems arise in obtaining

and maintaining a satisfactory seal. The multiple spring configurations

contain opposite wound springs installed inside the outer spring. These
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configurations eliminated the problem of extruding the jacket between coils,

but there is some increase in the required loading (see Figure No. 48). Both

of the plastic-Jacket gaskets provided a scaling edge width greater than

.020-in. (see Figure No. 62) and they were tile best of the "pressure-energized"
gaskets.

The all-metal, pressure-energized gaskets des il;ned with

flat sealing areas (i.e., Haskel seals and V-seals) seldom provided a sealing

edge width equal to the width of the flat. The tolerance stack-up between

the groove depth and the gasket free height prevents this unless all actual

dimensions are on, or near the nominals. Therefore, the actual sealing edge

width can be much less than the sealing edge flat. The range of deformed

sealing edge widths are shown on Figure No. 62 for the gaskets tested. The

E-ring actually provides a double sealing edge, but the loading in the second

sealing edges is not applied until the flanges are nearly face-to-face.

The cross-sectional squeeze on the all-met_11 d_:_,m'tral

gaskets varied from 0.002-in. to 0.018-in. depending upon the type of gasket,

tolerance stack-up, and materials. The deformed sealing edge width varied

from 0.O02-in. to 0.030-in. depending upon gasket type, the gasket cross-

sectional size, and the gasket materials. The average compressed sealing edge

width of the Conoseal gasket was equal to approximately one-half of the gasket

thickness. All of tile diametral gaskets tested, except for the "Infundibular"

gasket, start compression with the sealing edge a finite width (si_arp corner

on the gasket); therefore, the actual sealing stresses are assumed to be equal

to the compressive strength of the gasket material from the start of compres-

sion until the gasket is seated. Axial springback characteristics in these

gaskets are not as important as radial springback in most cases. However,

they varied from 0.001-in. to 0.020-in. (5% to 30%). The radial springback

characteristics are a function of the gasket cross-section and materials.

This radial springback determines the capability of the gasket to accept radial

and/or differential radial deflections in the mating flanges. Radial and/or

differential radial deflection capabilities are a function of the column

strength, the flexibility of the gasket section or legs, and/or the compression
modulus of the gasket section.

The Gamah seal configuration must rely mostly upon the

compressive modulus of the gasket material while the Nucoseal relies upon the

column strength of the gasket legs and the compressive modulus of the support

ring. The Infundibular gasket relies mostly upon the bending strength of the

gasket section and the modulus of the material. The Conoseal gasket relies

upon the column strength of the gasket material and the cross-section. For a

particular Conoseal gasket cross-section, increasing the material strength

will increase the radial (and axial) springback characteristics, but it also

increases the radial (and axial) preloading required to gain ti_e initial seal

as was shown on Figure No. 58. In addition, the section tends to buckle as a

column when the load is applied; therefore, radial springback is also dependent

upon the buckling strength of the cross-section. The Grayloc seal would gain

some capabilities in differential radial deflections from pressure application.
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_lowever, no laboratory tests were conducted with the Grayloc seal and the

effects are not known. It is assumed that the Grayloc seal is approximately

equal to the best of the diametral gaskets in this regard.

The squeeze, sealinE edge width, and sealing stresses

in the flat gaskets (includes spiral wound gaskets) are a function of the

load, the groove configuration, and other wl_iables. The spiral wound gaskets

tested provided reasonably good squeeze (with accompanying high load) and

springback characteristics with the groove depths used for the loading tests.

It was determined later in the testing that the squeeze (and accompanying

loading) was insufficient to provide a good seal with the configuration tested

because when sufficient loading was applied to achieve a seal, springback was

considerably reduced. Data was obtained for Figure No. 16 by discussions

with suppliers as well as surveys of catalogues and literature. It is under-

stood that very broad adjustments can be made in these values depending upon

the method of manufacturing the gasket. It is not known what sealing char-

acteristics would be provided with these configurations. No attempt was made

to determine squeeze, springback, and other performance factors in the flat

gaskets and solid section metal rings. However, it is known that the values

for springback are very minute when used in standard flat faced flanges. They

can be improved somewhat b X using groove configurations that provide shear

deformations in the gasket(30). Also, increasing or decreasing the sealing

edge width requires that the gasket loading be increased or decreased as a

function of the contact area.

b. Proof Tests

One thing was common to a]l of the seals tested. If

gross (visual) leakage occurred at proof pressures, very seldom would resealing

occur as pressures were released. The O-rings and the plastic-jacketed

materials would reseat more often than the all-metal gaskets. However, once

the intimate sealing surface contact was lost, it usually required a new seal

to pass the leakage test. In some cases with the all-metal gaskets, sufficient

motion (wiping) occurred between sealing edges and the mating surfaces to

require re-surfacing of the flange to regain sealing with a new gasket. This

was necessary because the "wiping" caused radial scratches on the mating
surfaces.

With the elastomeric O-rings and plastic-jacketed

gaskets, the gasket material tends to "pack" into the groove as pressure is

applied. This is a good condition in most applications. However, if deflec-

tions in the flanges cause a gap between the flanges and sufficient pressures

are applied, the material will extrude into the gap. If the gap is suffi-

ciently large, tile gasket can extrude between the flange and "blow-out,"

resulting in gasket failure. If the gap is small, the material can partially

extrude between the flanges. Thus, when pressure is subsequently released, a

piece of the gasket material can be cut off as the flange surface comes

together and evenutal failure of the gasket can occur. Extrusion of the

O-rlngs was previously discussed and these characteristics were shown on

(30)Rathbun, Jr,, F. 0., op. clt.

132



Figure No. 26. Extrusion characteristics of the plastic-jacketed _asliets is
a function of the material strength, thickness, cold flow characteristics

(developed stress and time), pressures, and flange gap. Differential radial

deflections in the flanges can cause the shearing (wiping) of the seal contact

area, but these gaskets will sometimes re-seal if the condition is not too
severe.

With the all-metal, pressure-energized gaskets, gross

leakage is usually caused by exceeding yield stresses in the gasket material.

This can cause diametral distortions as well as permanent distortion in the

legs. Both can cause the loss of intimate contact at the interface sealing
surface and radial scores or scratches on the _ating surfaces. If the maximum

stresses developed in the gasket are limited _o the material yield strength,
only the differential radial deflections in the flanges can cause loss of the

seal. The limiting pressure is dependent upon the hoop stresses developed in

the gasket cross=section or the bending stresses developed in the legs. Tests

of some of the gaskets disclosed that the leg stiffness for most gnskets is

sufficient to take at least the pressures equal to the limiting pressures

caused by hoop stresses in the gasket. The maximum hoop stresses developed

depend upon the cross-sectional area and the mean diameter of the gasket if

the gasket is not "backed-up" by the groove diameter in the flanges. Assuming
that clearances between the gasket and the groove are sufficient to allow the

gasket to develop stresses equal to the yield strength of the material (which

is usually the case), the permissible pressures can be determined for a

particular gasket cross-section and diameter. The curves of the hoop stress

limit pressures shown on Figure No. 63 are based upon the minimum yield

strength of the materials shown. Differential radial deflections between the

g_sket and the flanges should be further investigated to assure that the

allowable maximum for the gasket is not exceeded. The maximum expected hoop

deflection in the gasket should be calculated and compared to those in the

flanges to assure that the difference is within the differential radial

deflection capabilities of the gasket.

The Pressure Science E-ring and C-ring seals are an

exception to this because the thin section is usually overstressed at pressure.

These gaskets tend to "pack" into the groove (initially, as the gasket is

compressed during assembly and finally, as pressure is applied) similarly to

the plastic-jacketed gaskets and they rely upon the back-up diameter in the

flange groove to prevent the ultimate strength of the section from being

exceeded. The outside diameter of the metal V-seal expands as the gasket is

loaded and reduces (or eliminates) the free clearance between the gasket

outside diameter and the groove diameter. Thus, the limiting pressures for

these gaskets is the pressure that would cause excessive bending in the legs.

No attempt was made to determine these values for the gaskets tested. However,

it is assumed that a curve very similar to that shown on Figure No. 63 would

apply for a particular gasket cross-section, but the allowable pressures could
be somewhat higher.
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With the all-metal diametral gaskets, most failures were

caused by differential radial deflections in the flanges when the axial and

circular deflections were properly controlled. The gaskets with heavier cross-

sections (i.e., Gamah and Nucoseal) were particularly poor in this respect.

The Nucoseal could probably be improved, particularly in the larger diameters,

because the dlametral compressive deflectlon_ accrued during installation could

be used to good advantage. The Conoseai[ gaskets depend L_i_on column stresses

in the thin cross-section (including _,,,_e l_,ckling) to provide some springback

in the gasket. However, the radial springback Jn Conoseals m_de with softer

metals, such as annealed copper and soft aluminum, was re]_Livcly poor when

compared to those made from harder materials (CRES, -T4 and -T6 aluminum).

Conoseals still provide the best capabilities in differential radial deflec-

tions of all the diametral gaskets tested. They also have the best axial and

circular deflection capabilities of all the metal gaskets, including the face

gaskets. However, when limiting seal deflection capabilities are used at

higher pressures, the problem of excessively bowing the thin section and slid-

ing the sealing edge axially exists. For this reason, it is best to select

Conoseal gaskets with the largest available cross-section for the particular
diameter desired.

c. Leakage Tests

Results of the leakage tests are shown in Figure No. 64.

The data were selected from tests where the design requirements (i.e., loading,

deflections, and distortions) and the machining requirements (i.e., surface

finish and flatness) were within the values shown on Figure No. ii as well as

other requirements specified by the supplier. No peripheral testing data

(determination of deflection, distortion, misalignment capabilities) are

included. Also, no data are included from tests where gross leakage was
encountered during the proof test.

Permeability of the elastomeric and the plastic materials

was the limiting factor in helium leakage rate capabilities. Permeability is a

function of the exposed area, leakage path thickness, pressure, and time.

Permeability of'the O-rings can be reduced by high (80% to 90%) squeeze. This

reduces the exposed area and increases the leakage path thickness. The helium

permeability of the Raco and Omniseals tested (I/8-in. cross-section) was

approximately 1.0 x 10 -5 standard cc/sec per inch of circumference. It is

claimed that a new configuration of the Raco seal (with a solid machined spring

replacing the normal perforated sheet metal spring) reduces helium permeability

by a factor of i00 or more. This configuration reduces the exposed area of the

Teflon by better than 90% and increases the leakage path thickness. No

laboratory tests were made with this configuration.

If gross leakage occurred during proof tests, the joint

would rarely pass the leakage test. The elastomeric O-rings were a predominant

exception to this. However, they still presented some problems, particularly

if extrusion of the O-ring had occurred at proof pressures. The spring-loaded,

plastic-jacketed gaskets also would occasionally re-seal after gross leakage

during the proof tests. This depended upon the clearance between the groove
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diameter and the gasket outside diameter. Gross leakage of the metal,

pressure-energized and flat gaskets was usually caused by a loss of the inti-

_Ite sealing contact resulting from tile differential radial (hoop) deflections

or by leg distortions. Gross leakage with diametral seals was also caused by

loss of the intimate contact resulting from the differential radial (hoop)

distortions or bowing of the gasket section.

Groove machinin_ reqL1fr,_ments proved to be one of the

most important factors in reducing le_k.q_e r.ftes. Groove depth had to be held

to very close tolerances to provide suffici_nt and prol>er squeeze for the

pressure-energized face gaskets. Cl,_cances oetweei_ Lile g_sket outside diam-

eter and the backup groove diameter are also critical, particularly with the

thin cross-section gaskets. These gaskets are designed to expand the outside

diameter as the mating surfaces are drawn together. When the proper squeeze

(groove depth) is attained, the gasket diameter contacts the back-up groove

diameter for support. The original Conoseal joints tested (see the standard

Conoseal grooves and gaskets, Figure No. 64) were designed primarily for liquid

systems. They provided a satisfactory seal for this purpose; however, helium

leakage rates were relatively high. As a result, the groove and gasket finishes

as well as the tolerances were made more exacting and these refined joints

provided a greatly improved helium leakage rate. In this connection, they

were the best of any of the joint configurations tested.

Excessive waviness of the mating surfaces causes a high

leakage rate with the pressure energized gaskets. This depends upon the

resiliency or circular flexibility of the gasket sealing edge and the loading

provided by the legs. Out-of-roundness of the sealing diameters also caused

high leakage rates with the diametral gaskets. The required roundness is a

function of the gasket flexibility. Generally, out-of-roundness tolerances

are much more rigid for gaskets with heavier cross-sections than they are for
the gaskets with thinner cross-sections.

Surface finishes are extremely important in reducing

leakage rates. The O-rings and plastic-jacketed gaskets are the least critical

of the pressure-energized types as these materials will flow into the irregu-

larities. However, radial and spiral scratches and/or scores will cause

problems if they are relatively deep. The metal gaskets are extremely suscep-

tible to radial and spiral scratches in the mating surfaces. The sealing edge

width is small and loading of the metal gaskets usually provides for minimal

sealing stresses that cannot always force the sealing material into the scratch
to seal effectively.

Surface treatments for corrosion protection that etch the

mating surfaces also cause relatively high helium leakage rates. This was a

particular problem with anodized aluminum flange surfaces. Relative leakage

rates for bare surfaces and anodized surfaces with the all-metal gaskets are

shown on Figure No. 65. Apparently, the anodizing process causes surface

porosity that the gaskets cannot compensate for. The higher loaded, plastic-

Jacketed gaskets (increased spring stiffness) could compensate to some extent,

but leakage rates were not consistently as good as those obtained with the
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bare aluminum flange surfaces, l[igher loading was attempted with the metal

gaskets, but the reduction in leakage rate was negligible. Various other

corrosion protection surface treatment._ were tried on tile aluminum flange

surfaces, l]lese included spray-on coatings, chromate conversion coatings, and

a patented anodizing process of the Nartin M_'t;_]s Company. The chromate con-

version coatings provided leakage rates that were equivalent to the leakage

rates of the bare aluminum surface as shown on Figure No. 65. ]qlis is a

Government Standard Process acceptable for surface treatment for many applica-

tions. The Martin Metals anodizing process also sl_owed good promise, but was

not pursued after the chromate conversion coacLng wa:; iound to be acceptable.

The same problem was encountered with a passivated 303 CRES flange.

High leakage rates were also caused by grit, dirt, and

other particles on the mating flange surfaces. If the flange surfaces were

thoroughly cleaned before the joint was assembled, low helium leakage rates

could be consistently attained. However, when assemblies were made with

flanges that were left open for a few days, very high leakage rates would
frequently result.

One problem was encountered with the Omniseal; the "anti-

shrink" ring installed at the spring inside diameter would occasionally move

out of the Teflon jacket during assembly. When this happened, interference

with the jacket would prevent proper seating of the sealing edges and leakage

would result. _e purpose of the "anti-shrink" ring is to prevent the spring

from shrinking under the jacket sealing edges at low temperature (below

approximately -100°F). This problem was resolved by improvements in the manu-

facture of the ring and by increasing the length of the skirt (sealing edge-
to-inside diameter) on the jacket.

_le original E-ring was designed for a nominal squeeze

of O.O06-in. Leakage rates with this design were between 6.0xlO -3 cc/sec/in.

circumference. _le redesigned version provided for 0.012-in. nominal squeeze

at the inner sealing contact point and 0.O06-in. at the outer sealing contact

point. _le redesigned version provided much lower initial leakage rates (as
low as 3.0xlO -9 cc/sec/in, circumference).

There was a direct correlation between leakage rate

capabilities, the method, and the care used to assemble the joint. If the groove

area was properly cleaned before assembly and the joint properly tightened in

accordance with Figure No. 31 or Figure No 32 as applicable, leakage rates were

consistently lower by a factor of i0 to i0 _. This was somewhat less critical

for O-rings for relatively narrow temperature service (standard squeeze) and

for the plastic jacketed gaskets for narrow temperature service range. Proper

assembly was extremely important for the all-metal gaskets, the "oversqueezed"

(low temperature cryogenic) O-ring designs and the plastic-jacketed gaskets.

d. Flange Angular Misalignment Capabilities

Misa]iF.nment capabilities of the gasket are dependent

upon operating pressures and temperatures, squeeze on the gasket, the gasket
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materials and cross-sectional size, preload and stress relationships, as well
as other similar considerations. All of the misalignment tests were conducted
at ambient temperature. It should be noted that the misalignment capabilities
can change drastically if temperatures are increased or decreased. Also, any
angular mlsalignment in tile mating surfaces after assemhly has been completed
will drastically reduce the flange deflection capabilities during operation.
Typical results from these tests are ._l_ownon Figure No. 66.

The average mi,_., ign_,_nt capability of the pressure-
energized gaskets tested was approxim;_ely 0.004-in. n_;_ximumfor the i/8-in.
cross-section gaskets. The range was 0.010-in. max[a,umat 1500 psig for the
plastic-jacketed gaskets to less than a 0.001-in. maximumat 1500 psig for
someof the metal gaskets, l_le affects of larger or smaller diameters is
negligible. This meansthat regardless of diameter, the maximum"out-of-
parallelism" between flange faces (total run-out) must be within these values
for the particular cross-sectional size tested. Also, if misallgnment is
expected during assembly, the flanges must be designed for deflection capa-
bilities which are greatly reduced from those shownon Figure No. ii.

The angular misalignment capabilities of the diametral
gaskets are approximately equal to those of the face gaskets. It was assumed
at the beginning of the test that the diametral gaskets would be capable of
allowing greater angular misalignment than the face gaskets. Testing proved
that only the single Conoseal joints were as good in this respect as the better
of the all-metal face gaskets (approximately .006-in. maximumat 1500 psig with
the .032 x .275 cross-section gaskets). _le other diametral gaskets were
approximately equal in performance to the average, all-metal, face gaskets.
However, the best configuration of the dual Conoseal concepts reduces this
capability to approximately 0.004-in. maximumbecause of the tolerance stack-up
and the interaction between the two grooves and gaskets.

e. Axial Separation Capabilities

Separation (or axial deflection) capabilities of the
gaskets is dependent upon the pressure and temperature, gasket materials, and
ga.qket cross-section. The separation tests were designed to gain an _ndication
of t_,,' Fa_'k,'t capabIlttieq with r_':;p, _ I to ft,inL_, rotation am! bolt c]on,;It ion.
'i_,. t i _.:,. l_,t.,t [qm (b,'n,lin_ of tll,' I i ::_::t. ct i_n from tiw bolt circ],, or

:I :. , _,,nt :. t point t_ tlw F.l':',('t :;_._,in; : _I:._c(.) actu.tlly re.';ulL_; in a :_m.-lJl

._,_.'i, l,,t_.',, _l thc ,,:urface._. StrniS:hL :_cp;lrat ic,ii tests u,';uai]y approximate Lilt.

c_,ndition :_ul f|ciently for the data to be u_'_cful, ttowever, with some gaskets,

the ant'le rv:;ultlng from flange rotation will improve the gasket capabilities

over those obtained from straight axial separation tests. With other gaskets,

the angle can be detrimental to the gasket capabilities over those of straight

,,xJal separation tests. Typical results from these tests are shown on Figure
No. 67.

The average axial deflection capability for the pressure-

energized face gaskets was approximately .004-in. for the gaskets with i/8-in.
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cross-section. It ranged from .012-in. maximum at 1500 psig for the plastic-

Jacketed gaskets to 0.001-in. maximum for some of tile all-metal gaskets.

The affects of larger or smaller diameters for the same cross-section are

essentially negligible. Therefore, the flanges and fasteners must be designed

so that the maximum axial deflections expected in tile joint are within the

values for the particular cross-sectional size tested. It is not known what

affects that pressures above the 2000 psig (proof) pressures would have upon
these capabilities.

The average axial deflection capabilities for the diame-

tral gaskets were approximately 0.005-in. ma_:imum (somewhat better than for the

face gaskets). The single Conoseal joints proved approximately equivalent to

the plastic-jacketed face gaskets in this respect, at least up to the pressures

used for these tests. The dual Conoseal joints were capable of only 0.005-in.

maximum axial deflection. The increased radial distance between the bolt

circle and the gasket circle for this configuration and the interaction between

the two glands apparently causes a drastic reduction in these capabilities.

f. Flange Reusability

The number of times that a joinL can be assembled and

disassembled without remachining the flanges is dependent upon the gasket and

mating surface hardness, how free of particles and contaminants the joint is

kept during the assemblies, and the sealing stresses involved. The eiastomer

and plastic-jacketed gaskets present very little problems in this respect,

providing the surfaces are cleaned before each assembly, because the mating

surface materials are much harder than the gasket materials. The all-metal,

pressure-energized, and diametral gaskets can present some serious problems if

the hardness of the actual sealing materials on the gasket and the mating sur-
faces are ignored.

Tests with 7075-T6 aluminum flanges and the highly-loaded

gold-plated pressure-energized gaskets (i.e., Koppers, some of the V-seals,

and some of the Astrodynamics seals) indicated that the flange surfaces deformed

after the first assembly cycle and an increase in leakage of i00 times was

experienced during the second assembly leak test. After resurfacing the flange,

leakage rates returned to approximately the original values. This gasket pro-

vided the highest sealing stresses (and the lowest leakage rates) of any of the

pressure-energized gaskets tested on the first assembly. Very few of the gas-

ket manufacturers specify minimum flange hardness values for their gaskets;

therefore, the gasket selected should be thoroughly analyzed to determine the

minimum flange hardness required. As a general rule, the groove surface hard-

ness should be a minimum of 1.3 times the gasket sealing material hardness (on

the Brinell Scale). However, this value is greatly affected by the sealing

Im_terial (plating) thicknesses and the hardness of the gasket base material.

If plating thicknesses are greater than 0.001-in., the general value applies

providing no deformation of the base material of the gasket (i.e., sharp

corners) takes place as the joint is assembled. If plating thicknesses are

less than 0.O01-in. or if deformation of the gasket base material takes place,
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the flange surface hardness should be increased as the plating thickness

decreases until the hardness of the base material of the gasket becomes the
governing factor.

Reusability is also governed by the amount of radial

'motion between the groove surface and the pressure-energized gasket with thin

cross-section. The E-ring (N-155, gold plated) deteriorated the 347 CRES

flan_es (after four assembly and proof and leak tests) to the e::Lcnt that the

groove surfaces had to be remachined. The best method for eliminating this

problem is to increase the plating thickness. Closer fits between the gasket

outside diameter and the mating groove diameter can also imi_ove flange

reusability because it prevents relative movement of the sealing interface

under pressure. However, this introduces manufacturing (tight tolerances)

problems as well as possible assembly and gasket removal problems.

It cannot be assumed that the raw flange materials

specified will provide sufficient groove hardness, particularly if the flanges

are machined from thick sections. Ileat treatments applied to the raw stock do

not penetrate through thick sections, particularly with aluminum materials.

The flanges must be rough-machined close to the final machining dimensions,

then heat-treated to assure proper surface hardness. Aluminum 6061-T6 Conoseal

gaskets were used in properly processed 6061-T6 flanges for a total of 30

assembly cycles with no deterioration in leakage rates and no noticeable defor-

mation or galling in the groove surfaces. The average Brinell hardness of the

gaskets was only two points lower than the hardness of the flange surface.

Also, 6061-T4 gaskets galled a 6061-T6 flange fabricated from thick raw stock

sections after three assembly cycles. Brinell hardness tests indicated that

the average gasket hardness was six to ten points higher than the hardness of
the groove area.

Thorough cleaning of the flange sealing areas and/or

well-sealed protective closures proved to be extremely important in providing

a good joint initially and in preventing deterioration of the groove surfaces,

particularly with the all-metal gaskets. A small test program was conducted to

determine the effects of assembling flanges both with and without pre-assembly

cleaning. The flange surfaces were left exposed in an enclosed (but uncon-

trolled) area for two to three days and were not cleaned before assembly and

leakage testing. The results of these tests were compared with test results

where the flange surfaces were protected and thoroughly cleaned before each

assembly and leak test. As expected, the plastic-jacketed gaskets have the

ability to absorb some fine particles and still provide approximately the

same sealing capabilities. However, some deterioration of the flange surfaces

did occur under these test conditions. The all-metal gaskets usually did not

provide the same sealing characteristics at the first assembly with contaminated
flanges.

A summary of these test results is presented as Figure
No. 68. It should be noted that the "uncleaned" test results are somewhat

random and no attempt was made to determine either the particle size or the

type of contamination that accumulated on the flange surfaces. However, the
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results point Out the importance of proper cleaning procedures before assembling

the joint. They also show the importance of selecting the proper flange surface

and gasket sealing surface hardnesses where repeated assembly of the joint may

be necessary. The Astrodynamics seal rapidly deteriorated both the aluminum

and the CRES flanges when there was no pre-assembly cleaning. When the flanges

were thoroughly cleaned before assembly, the aluminum flange surface gradually

deteriorated. The 6061-0 aluminum Conoseal gaskets deteriorated both the

flanges less rapidly than the 6061-T6 aluminum gaskets when no pre-assembly

cleaning was done. It was not definitely determined why the leakage rates

increased with the 6061-0 gaskets _mn the fiailges were thoroughly cleaned

before each assembly. No apparent Oet:erior_iLion of the flange surfaces

occurred. It was assumed that the oxidation of the bare aluminum flange sur-

face was to an extent that precluded the soft aluminum gasket sealing load from
compensating for it.

A by-product of the flange reusability tests was some data

for gasket reusability. It was found that if the flanges are thorou_hly cleaned

before each assembly, the plastic-jacketed gaskets could be reused (with little

affect upon leakage rate) a number of times providing that the gasket is

replaced between the flanges in approximately the same position. Also, great

care must be taken in removing the gasket from the groove to prevent damage to

both the gasket and the groove because this type of gasket is relatively diffi-

cult to remove. Special tools fabricated from Teflon or soft plastics were

devised to remove the gasket from the groove and reduce the possibility of

damage. However, reuse of gaskets is not recolmnended for actual hardware

applications because the reliability (repeatability of leakage rates) after the

first assembly is considerably reduced. It is highly recommended that a new

gasket be used for each assembly of actual hardware.

Reuse of some all-metal pressure-energized gaskets proved
successful under laboratory conditions. Again, extreme care was taken in

removing and replacing the gasket. However, the plating or coating used on the

highly stressed areas of the gasket would usually flake off after two or three
assembly cycles.

g. High Temperature Tests

Results of the high temperature tests are shown on Figure

No. 69. The data were collected from results of tests at various temperatures

depending upon the gasket type and materials as well as the application desired.

The all-metal, pressure-energized gaskets were tested at temperatures to 1700°F.

No leakage rate data were collected during these high temperature tests, but

visual observations were made to determine any gross leakage. Leakage tests

were made at ambient temperature after the high temperature tests to determine

the extent of the leakage and possible erosion of the sealing area during its

exposure to high temperature. If gross leakage occurred during this test, the

Joint was disassembled and the parts examined to determine the cause.
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The plastic-jacketed gaskets were tested for a system
having a maximumtemperature requirement of 180°F. Therefore, 180°F was the
highest temperature used in the evaluation tests. Leakage tests were madeat
both ambient and 180°F. Although these gaskets had provided satisfactory
service in other applications at higher temperatures, no useful leakage ratedata was collected.

h. LowTemperature Tests

Results of low temperat_,ire tests _re si_ownon Figure
No. 70. The data were collected from results of tests at various temperatures
depending upon the gasket type and materials as well as the application desired.

In most cases, the leakage rates at low temperatures were
greater than the leakage rates at ambient temperature. In somecases, particu-
larly the transition joint (CRESto aluminum), tile leakage rate increased after
the joint was returned to ambient temperatures.

Low temperature brittleness, elongation characteristics,
and contraction characteristics caused hoop tension, bending failures, and/or
circumferential crazing and cracking of the jacket on the plastic-jacketed
gaskets. Typical hoop tension and bending failures are shownon Figure No. 71
while circumferential cracking is shownon Figure No. 72. The Omniseal is used
as tile example in Figure No. 72 although similar failures were encountered
with the Raco seal. The hoop tension failures occurred only during the "low
pressure bleed-in followed by high pressure" leak tests when temperatures were
less than -380°F. The hoop tension failure was caused by the jacket shrinking
away from the back-up diameter during low pressure bleed-in, after which,
pressure forced it to expand out to the back-up groove diameter during the high
pressure leakage test. Before the jacket could reach the back-up groove diame-
ter, the jacket failed in tension as shownin Figure No. 71. This problem can
be reduced to someextent if the outside diameter of the gasket is a slight
press-fit in the groove diameter. If the jacket section has built-in compres-
sive stresses, the contraction will not move the jacket as far away from the
back-up groove diameter, and whenhigh pressure is applied, the jacket outside
diameter reaches the back-up groove diameter before the ultimate tensile
strength is reached. No failures of this type were encountered when pressure
was applied to the gasket before the jacket temperature was reduced. Circum-
ferential crazing and cracking occurred at the jacket corner when the joint
deflected during pressurization as shownon Figure No. 72. No deflection
capabilities were determined for these gaskets at very low temperature, but
the tests proved that they are drastically reduced at a temperature of -380°F
or less. If deflections of any magnitude occur during operation of the joint,
crazing of the plastic jacket would be expected after a few pressure and low
temperature cycles.

No serious problems were encountered with the all-metal,
pres:.ure-energized gaskets providing the gasket material contraction character-
istics were reasonably close to those of the flanges. Wheredifferential con-
traction between the two flanges, or between the flanges and the gasket, was
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large, the intimate sealing contact was lost resulting in excessive leakage.
Whenthis happened, radial scratches or marks were left in the groove from
the wiping action between these surfaces. The gaskets with stiff sections
(or stiff legs) were more susceptible to this problem than the gaskets with
relatively flexible sections.

The diametral gaskets can present somevery serious
problems when the differential contraction of the two flanges is large. This
is a function of the radial flexibility of the gasket and the hardness of the
gasket materials. Stiff sections with soft materials presented more of a
problem than the more flexible sections with harder materials. The diametral
gasket Joints must be designed so that differential contractions tend to
increase the pre-load on the gasket and makea tighter seal. The soft metal
gaskets with heavier sections can present problems in maintaining the seal
after a number of thermal cycles because the gasket takes a permanent set
during the thermal cycle.

i. Thermal Cycling Tests

The results of the low temperature thermal cycling tests
conducted with the gaskets tested are shownon Figure No. 73.

The plastic-jacketed gaskets would craze and crack during
these tests if the lowest temperature was -380°F or less. This problem was
discussed previously and a typical example was shownon Figure No. 72. No
problems were encountered if the lowest temperature was greater than -320°F.

Low temperature thermal cycling tests were conducted with
one of the all-metal pressure-energized gaskets; the small diameter Tetrafluor
"TVR" series. The results from these tests are shownon Figure No. 73.

If the initial seal was good, no thermal cycling problems
were encountered with the diametral gaskets when the contraction characteristics
of the two flanges and the gaskets were approximately equal. Thermal cycling
problems were encountered with the diametral gaskets in transition joints
(CRES-to-aluminumflanges). The problem was eliminated with the Conoseal
gaskets by substituting 6061-T6 or 6061-T4 aluminum gaskets for the 6061-0
gaskets used initially. This can present a problem of deteriorating the groove
surfaces in the aluminum flanges, if the groove surface hardness is not greater
than that of the 6061-T4 or 6061-T6 gaskets (see paragraph III, C, i, f).

A by-product of these tests was the discovery of a dimen-
sional instability problem in the forged aluminumvalve bodies. Permanent
dimensional changes occurred in the forged aluminum flanges during the low
temperature thermal cycling tests to the extent that proper fits between the
grooves and the gaskets could not be maintained and excessive leakage resulted.
The dimensional changeswere caused primarily by residual stresses from heat
treatment (quenching) and the machining operation. A special fabrication
process incorporating a re-heat treatment to relieve machining stresses and a
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pressure stabilization operation to reverse the stress pattern resulting from

the quenching operation was devised to reduce the dimensional changes caused

by low temperature cycling. The details of the resolution of this problem are
presented in a separate report(31).

J. H_gh Temper,lture Th_,rma] Cycling Tests

The results of the hitch temperature thermal cycling tests

with those gaskets tested are shown _n Fi_ure No. 74. The all-metal pressure-

energized gaskets were cycled from a_bienL temperature to _i_i_ro×imately 1700OF.

The test cell hardware used was intentiom_[ly designed for absolute minimum

weight for this application and the data should not be construed as representing

the maximum sealing capabilities of the g_sket. Permanent flange distortions

as high as 0.Ol2-in. (rotation of the flange section) were noted at the sealing

surfaces at the conclusion of the thermal cycling tests. The testing supplied

sufficient data to provide a good approximation of the particular gasket capa-
bilities for high temperature service.

The plastic-jacketed gaskets were cycled from ambient

temperature to 180°F. No satisfactory explanation could be found for the

sudden increase in leakage rate for the particular Raco seal gasket. Test cell

designs were such that no distortions of the flanges were encountered during
the cycling.

k. Fluid Resistance and Compatibility Tests

Fluid resistance and compatibility tests were conducted

with the plastic-jacketed and one ali-metal pressure-energized gasket (304 CRES,

Teflon coated) for nitrogen tetroxide system service. The gaskets were

installed in transition joints (CRES-to-aluminum). After 45 days of storage,

both joints passed the 1250 psig leak tests. When the plastic-jacketed gasket

joint was disassembled, it was found that the flanges were corroded on the

portion of the groove outside the gasket. The corrosion present on that portion

of the groove which was inside the gasket was expected. Investigation revealed

that sufficient permeation of the nitrogen tetroxide had occurred to mix with

atmospheric moisture and cause corrosion of the outer groove surface. The all-

metal, pressure-energized gasket also passed the post-test leakage check. The

Teflon coating tended to flake off the exposed area of the gasket and this

could present serious contamination problems with some systems. The results
of these tests are shown on Table Vll.

i. Salt Spray and Storage Tests

Salt spray and storage tests were conducted with the bare

aluminum Conoseal gasket in a transition joint (CRES-to-aluminum) with bare

aluminum grooves only. The rest of the aluminum half of the test cell was

(31)Henson, F. M. and Inouye, F., Dimensional Instability of Aluminum Alloys

for Extreme Low Temperature Cycling Applications, NASA Report No CR-54829,
31 January 1966
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anodized. The joint passed tile leakage tests before, during, and after salt

spray and storage, l{owever, the gasket and the exposed bare surface of the

aluminum flange were found to be corroded at disassembly. _le program was

terminated before this test could be repeated with the chromate conversion
coated gaskets and grooves.

m. Vibration Tests

The results of tlJe vibration tests are presented on

Table VIII. The ability of a joint to withsL.md vibration depends upon many

factors (i.e., the stiffness of the flanges and fasteners, tl,e stress levels

induced in the Joint, the ability of the gasket to follow deflections and dis-

tortions in the joint while maintaining sufficient sealing stresses). Stress

levels (and deflections) in the joint were not determined during any of these

vibration tests; therefore, tile deflections induced are not known.

The Raco seal was tested in both the preliminary (heavy

duty) and the flight weight joint designs. No change in the leakage rates were

noted either during or after completion of the vibration tests. No appreciable

loss in bolt torque values was noted after the test. l]lere was no apparent dis-

tortion or deterioration of the groove surfaces or gasket after the test.

Two flightweight Conoseal joint designs were tested; a

six-inch single seal tube connection (CRES-Co-CRES) usLng V-band couplings and

a bolted six-inch dual seal transition (CRES-to-Aluminum) joint. Copper and

321 CRES gaskets were used in the V-band coupling joint and 6061-T6 Aluminum

gaskets were used in the bolted dual seal joint. No change in leakage rates

were noted either during or after completion of the tests. There was no

appreciable loss in fastener torque values noted after the test. No distortion

or deterioration of the groove surfaces or gaskets were apparent after the test.

n. Vibration - Low Temperature Tests

The results of the low temperature vibration tests are

presented on Table IX. Careful consideration must be given to the effects of

very low temperature upon the ability of the gasket to withstand vibration.

Most of the elastomeric materials tend to spall the gasket corners at the

sealing interface if the temperature is below the brittle point (Tg) of the

material. The gasket will eventually fail even if small relative movements

occur between the flange and gasket. Some of the elastomers will fracture like

glass. However, satisfactory joints have been achieved for this service using
the elastomers with high squeeze concepts.(32) A temperature-actuated

deslgn (33) was used successfully in the liquid oxygen system of the Titan I
Engine (see Figure No. 75).

(32)Weitzel, D. H., et al, Design of Static Elastometric Seals for CryoEenic

Temperatures, Proceedings of the Conference on Design of Leak Tight

Separable Connectors, March 1964, NASA, MSFC Huntsville, Alabama

(33)Logan, S. E., Static Seal for Low Temperature Fluids, Journal of the

American Rocket Society, Vol. 25, No. 7, July 1955
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TABLE IX

LOW TEMPERATURE VII_i;ATION TEST RESULTS
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Minor crazing of the jacket at the outside diameter-to-

leg junction (nearest the flat-faced flange) was noted on the Raco seal after

completion of the test. No appreciable difference in initial and final leakage

rates was noted; therefore, it was assumed that the crazing was not detrimental.
No appreciable loss in bolt torque values were noted.

No appreciable change in leakage rate or fastener torque
values was noted for the flightweight V-band coupling Conoseal joint after the

test. No distortion or deterioration of the groove surfaces or gasket was
apparent.

No increase in leakage of the flightweight Aerojet-General

standard tube connection (see Figure No. 75) was noted after completion of the

test. No appreciable loss in fastener torque values or apparent spalling or
crazing of the neoprene O-ring was noted.

o. Burst Tests

The results of the preliminary burst tests with the

heavy duty flanges are shown on Figure No. 76. The ability of tile gasket to

withstand burst pressure is dependent upon the flexibility of the flanges and
the strength of the gasket section as well as the gasket materials. The

ability of the elastomeric O-rings is usually limited by the extrusion charac-

teristics. If the flange deflection is sufficient to allow extrusion, the

gasket will "blow out." The same applies to the plastic-jacketed gaskets. The

all-metal, pressure-energized gaskets usually do not present the sudden failure

problem encountered with the elastomers and plastic gaskets, but leakage will

increase sharply when the deflection capabilities of the gasket are exceeded.

The solld-section, diametral gaskets will open up suddenly if differential

radial expansion between the flanges becomes too great. The flexible section

gaskets will bow and relieve sealing stresses if axial deflection capabilities

are exceeded and leakage will also suddenly increase if differential radial
deflection capabilities are exceeded.

2. Component Tests

Leakage data were collected during the development of the

thrust chamber valves and the gas generator valves designed for use on the M-i

Engine (l.5-million ib thrust, liquid oxygen/liquid hydrogen). These valves

are shown schematically on Figures No. 77, No. 78, and No. 79. The dual

Conoseal design was used in these valves. The results of tests with these

components are presented as Figure No. 80 and No. 81. A dimensional insta-

bility of the forged aluminum valve bodies caused by thermal cycling was

encountered durin_ development. This problem was discussed in detail in a

previous report.(34) All the data were taken from tests with the assemblies

having unstabilized bodies and 6061-0 aluminum Conoseal gaskets. Only two

thermal cycling tests were conducted with stabilized bodies (6061-T6 aluminum

(34)
Henson, F. M. and Inouye, F., op. cit.
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gas generator oxidizer valve) using 6061-T4 gaskets before the program was

terminated. Leakage rates were 4.8xi0-8 to 5.9XI0 -7 cc/sec/in, during the

initial ambient temperature leak tests. It was 1.84XI0 -9 to 6.4XI0-9 cc/sec/in.

at low temperature and 6.2XI0-8 to 6.0XI0 -7 cc/sec/in, at ambient after the low
temperature test.

3. System Tests

Post-firing leak test dat_ wL're collected from a 10 production

engine sample of a storable propellanl [iq,_i_l ,n_:inc :_y_/cm. Engine firing
durations were 20 see, 60 sec, and 160 sec. ti_c _)topellants were nitrogen

tetroxide (oxidizer) and AeroZINE-50!!9 (fuel) and they were pump-fed from a
hot-gas-driven turbopump. The results are shown on Table X and Figure No. 82.

Though post-fire leakage was detected in some cases (predominantly in the hot
gas system), there was no visual leakage noted during any of the runs. In

addition there were no instances of a critical malfunction or premature shut-

down caused by excessive leakage in the 10 engine sample.

D. CONCLUSIONS

The best method for eliminating leaks in a system is to eliminate

mechanically sealed joints. This must be considered from the over-all system

design. Sealed joints should be placed in tile system only where absolutely

necessary for component replacement or the ease of maintaining the system.

Methods should be devised for welding or brazing all other joints in the system.

Where sealed joints are required, and "zero" leakage is absolutely essential,

methods should be devised to weld or braze these joints closed after final

acceptance of the system. This necessitates considerable investigation during

the initial design phase to provide for disconnecting these joints, if required.

No particular seal design is completely satisfactory for all appli-

cations. Some gaskets can provide lower leakage rates than others, but they

may not be the best selection for a particular application. The gasket selec-

tlon must be based upon many factors (i.e., fluid compatibility, materials

compatibility with other parts of the joint, leak rate capability, operating

temperatures and pressure, gasket deflection capabilities or joint weight).

In general, gaskets that provide the highest sealing stress are capable of the

lowest leakage rate, but require the highest pre-loading in the flanges.

Methods for providing high sealing stresses with low loading by reducing seal-

ing contact area aggravate the problem of damaged sealing surfaces.

The methods used in protecting and handling the finished gaskets

or flanges influence whether the joints obtained are good or bad. It is

important to evolve proper methods for protecting and handling each type of

gasket from the time that the parts are finished to the time that they are

installed. Protection and proper handling of mating flanges are also extremely

important in connection with the over-all joint capabilities. With some types

@ Registered trade name of the Aerojet-General Corporation.
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TABLE X

(Sheet 1 of 2)

RESULTS OF POST-ACCEPTAtiCE TEST LEAK CiIECKS OF A

STORABLE PROPELLANT E_JGINE SYSTEM SEALS
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(Butyl Rubber O-l_ings)

Raco Engineering D_¥'n.
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Aeroqulp Corp.
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X . i ].D.
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i0_;11-,5._;20 i/_" C/S 2<, <( i_ _.D.

C PERATING I O} ERATIN3

TE_]P. I Ji.6S.

RAh Gg _,;E

52"F 40 psig

to to

120_F 900 psig

52"F gO psig

to to

120"F 9OOpsig

52°F 40 psig

to to

120"F 900 psig

< o}. hO psiF
t4 to

I20_F <9 _ !,;
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1C_II-7.442 i/8 C/S X:;._,42 _.D. 40 psig
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21oAIN

20TAL h_. _C,£q'ED _
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of gaskets, even slightly damaged_Iting or gasket surfaces will prevent the
attaining or maintaining of the desired low leakage rate.

The design of the other parts of the joint (flanges and fasteners)
is as important a factor as the design of the gasket in obtaining a good joint.
The gasket capability must be determined an(] tile desiF,n of the joint must be
adequate to satisfy all of the requirements for []_e ga_d<<,t. Before a particu-
lar joint design is madefinal, thorough development and evaluation testing
should be performed to assure that all the requirements fo_- the gasket hav'e
been satisfied in the joint design. The capc.bilities and design requirements
of a number of the proprietary gaskets is noL _:_:adily-available from some
suppliers. With other suppliers, the capabilities and requirements for any
of their standard configurations have been thoroughly analyzed and developed.
It is necessary for the designer to be knowledgeable of these requirements
before the preliminary design of the joint can be made.

Double-seal joint designs compoundthe numberof variab]es in the
joint design. Interactions between the two seals and the mating grooves, or
between two sealing points, can cause a considerable reduction in the primary
seal c_pability. Also, all dual seal joint designs are larger and heavier
than single seal designs, particularly in applications where a metal seal must
be used. If the primary seal leakage is limited to very low gaseous leakage
rates (less than 1.0 x 10-5 cc/sec), the secondary seal must be nearly as good
as the primary seal to prove leakage capabilities. The methods available to
detect these low leakage rates require a vacuumbetween the primary and
secondary seals; therefore, if the secondary seal is not good, apparent leak-
age may be from this source rather than from the primary seal.

Assembly procedures are also extremely important in obtaining a
satisfactory joint. This is the point where all the properly designed parts
come together and can be misapplied if the assembly procedure and requirements
are not fully understood. Each type of gasket or joint design can require con-
siderably different methods of assembly. Proper lubrication, tightening, and_
the tightening sequence of the fasteners can make the difference in a com-
pletely satisfactory or completely unsatisfactory joint.

E. RECOMMENDATIONS

If "zero" leakage is absolutely necessary, sealed joints should be
eliminated in favor of welded or brazed connections. At least careful con-
sideration should be given to methods for welding or brazing the joint shut
after final acceptance testing of the system. Although dual seal joint designs
are a reasonably good method for assuring low external leakage, the additional
problems in joint design, weight, and assembly should be carefully considered
with respect to the over-all system before attempting to use this concept.
Oncethe requirement for the dual Conoseal design was determined and designed
for, this concept performed very satisfactorily and is highly recommendedwhere
very low gaseous leakage rates are required. However, the supplier should be
contacted before attempting to use this concept to obtain the necessary design
information for the joint.
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Additional testing and evaluation of the various seal designs is

recommended for the new high pressure (3000 to 6000 psig) fluid systems pro-

posed for aerospace service. Many o_ the gaskets tested were limited in maxi-

mum pressure and would not be suitable for high pressure systems. New designs

by the various suppliers for this service would be necessary, particularly for
hot gases, l]lese should be further investiF, ated and evaluated.

A large number of improvements in test procedures and instrumenta-

tion are required to accurately determille tl_c many gasket capabilities. Addi-

tional and continuous investigations :;I_ould I_c conducted to improve test

methods, instrumentation, and test procL, dur_s. Possibly, a group of standard-

ized test procedures could be developed (similar to ASTM methods) for evaluat-

ing or qualifying various gasket designs. S_als could be classified according

to pressures, temperatures, and other capabilities. These seals could then be

tested to determine their maximum deflection capabilities as well as other

requirements. Standardized procedures, test methods, and instruments would
provide comparative data from each evaluator.

A preliminary standardized test procedure for use in static seal

and gasket evaluations was developed at Aerojet-General. _e basic purpose

of the procedure, which is continuously beillg expanded and improved, is to

obtain maximum relative data using a minimum of testing and test equipment.

By standardizing groove _chining requirements, many of the

variables involved in the evaluation of the various gaskets could be eliminated.

It is strongly recommended that such a standardization program be initiated

particularly for the "pressure-energized" face seal designs. The groove

standard should be based upon the original MIL-P-5514 face seal O-ring grooves

so that O-rings could be used at the interfaces of components for ambient

temperature production acceptance testing as well as other non-qualification

tests. The Aerojet-General standards designed around this concept are pre-

sented in Appendix C. The gasket (part) standards are designed by the

different manufacturers to fit these grooves. In addition, all pre-

qualification and qualification testing is conducted with flanges (joints)
containing these grooves.
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IV. SMALL TUBING JOINTS

A. TECHNICAL DISCUSSION

i. Types of Small Tubing Joints

There are three basic types of small tubing joints; the

welded or brazed, the swaged, and tile threaded connections. The same basic

considerations apply to small tubing joints as to the larg_,r static seal

Joints. If tile joint is not absolutely necessary, it shouJd be eliminated.

If the joint is necessary, it could possibly be welded or brazed. There are

a number of new concepts in welded and brazed joints that warrant investiga-

tion. There are also new concepts in the swaged joints that present possi-

bilities for good, solid connections. Where none of these possible solutions

are feasible and a method for easily disconnecting the joint is necessary, the

threaded connection must be used. Each of these concepts of small tubing

connections are described in this discussion. The basic types of small tubing
connections are shown on Figure No. 83.

There are a number of types as well as methods available for

welded _md brazed joints for small tubing com_ections. Tile simplest, which

is a permanent method, is the resistance butt-welded joint. There are two

known methods used for disconnectable welded joints. Both methods use rela-

tively thin flange sections that are actually melted at the outer tips of the

flange section to make the connection. One design accepts loading by shear in

the weld joint and the other design accepts loading in tension with the

associated bending in the weld joint. Brazed joints are available where

electrical, torch, or pyrotechnic devices are used to heat the joint to the

brazing temperature. The tooling required to make the connections for these

joints varies from the relatively bulky torch or electrical heating devices to

a simple dry cell battery. Disconnection methods also vary from re-heating,

where the same tubing is used for connection, to sawing or grinding the
fitting from the tubing.

Many swaged methods and fitting designs have been devised for

tubing connections. However, most methods are primarily for swaging tubing

onto mechanically connectable flanges and require that the tubing be rolled or

pressure-formed from the inside of the tube. Only one method was found that

could be used to connect two tubing ends together by cold forming from the out-

side of the tube. This method actually cold forms the fitting onto the tube

outside diameter for the connection with one simple operation. It requires a

relatively bulky hydraulic pressure device to make the connection and the fitting
must be cut out of the line for disconnection.

There are many types of threaded connections available. Some

of the threaded connections require the tubing to be welded or brazed to each

half of the connector. Others use methods where the tube is swaged tO each

half of the connector. There are also the military standard flared and flare-

less tubing connections which are the most widely-used of all the threaded

connections. Each flared or flareless tube connection actually contains two
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Joints; one for each end of the fitting. The basic requirements for sealing

of the threaded connectors are the same as those specified in the static seals

section (paragraph III, A, i) and the design requirements are also essentially

the same. Sufficient plastic (or elastic) deformation must take place at the

sealing interface to achieve the initial seal and the joint must be designed

so that the necessary minimum seating stresses are mafntained ti_roughout the
life of the connector.

2. Advantages and Disadvantages of the Small Tubing Joint Types

Until recently, welded and brazed joints were difficult to

use in a complete system assembly because meLiLods and tooling were not avail-

able for either expeditious or reliable welding and brazing. Recent develop-

ments in techniques and tooling have made these joints much more attractive
for system assembly.

The advent of new tools for electron-beam welding and improved

controls provide a relatively easy method for making the welded connection.

Fittings, tooling, and techniques have been devised that make the brazed

fitting a relatively simple operation. The tooling for one method (the

Aeroquip "SpaceCraft" fitting) can be used for both connection and disconnec-

tion. However, most of the welded and brazed joints require that the connec-

tion be sawed or cut from the line and can present some serious contamination

problems during this process. The resistance butt-welded joints could proba-

bly be reassembled if the tubing is carefully cut and, at the same time,

redressed for welding with tooling using a thin cutter designed to clamp to

the tubing and travel around the tube. The other welded joints are designed

to be ground-off and enough material is left to reweld the joint. These

connections are not too useful for higher pressures unless the joint loads are

taken by a threaded section. Also, a crack or notch is left in the weld joint

because full penetration of the interface is not made at the weld. This crack

can progress through the weld after a few pressure cycles have caused some

movement (deflection) between the flanges. Most of the welded and brazed

Joints require somewhat cumbersome equipment (primarily because of the

associated electrical and fluid lines) and tools to make the connection,

except for one brazed joint (the Deutsch "Pyrobraze") which uses pyrotechnics.

This unit requires only a six-volt dry cell battery to make the joint.

The swaged fitting connection is a permanent one that must be

cut from the lines. The tool used to make this connection is a somewhat bulky

(although easy to use), hydraulically-actuated scissor that squeezes the

swaging locks over the fitting. The making of a new connection requires that

two fittings be installed with a short stub tube section between each fitting.

Connections to components using welded, brazed, or swaged

joints require a tubular-shaped boss on the component. If the type of connec-

tion used must be cut from the line, the length of the tubular boss must be

sufficient to allow a pre-determined number of assembly and disassembly opera-

tions, unless the Aeroquip "SpaceCraft" brazing system is to be used. The

"SpaceCraft" brazing system provides for "de-brazing" the connection.
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Threaded connections are easily assembled and disassembled

with standard wrenches and torque wrenches. The purchased complete connection

assemblies require each half of the connection to be welded or swaged to tile

tubing or component. These also require a tubular boss on the component for

attaching one half of the connection. Most of the purchased connections

require the male threaded half to be in:_tall_i on the component, which leaves

tile threaded section exposed to possihJc dam;_ge. These connections have the

advantage over the standard flared and flareiess connections of requiring

only one sealed joint, which axiomatically improves the reliability providing

that the welded, brazed, or swaged joint is properly made. Some types require

relatively critical alignment between the two tube sections (or the tube and

the component) to make a good joint.

As previously mentions.d, the. standard flared and flareless

connection each contain two sealed joints; one at each end of the fitting.

However, tooling has long been estab]:i_i_d fc,J- manufacturing the flared section

of the tube for the flared tube connection and no flaring or particularly

special preparation is needed for the f] ire]_s tube connection. The boss

(and unexposed female thread) for the compone[_t connection also has established

standards and tooling. The male thread is only on the fitting and if these

threads are damaged, they can be easily replaced. This also applies to the

sealing surfaces of the fitting. If sealing surfaces on the tubing are

damaged, the tubing must be replaced. The same applies to the somewhat

exposed sealing surfaces on the component bosses.

3. Engineering Evaluation

a. . Capabilities

Before selecting _ connector design for a particular

application, it is necessary to evaluate each of the various types with respect

to the application. First, it should b__ determined _at type of connection is

required or desirable. The welded, brazed, or swaged connections should be

investigated in relationship to the problems expected with components as well

as the possible number of assemblies that _ly be required for each particular

joint in the system. If it is decided that the threaded connections are

required, the best configuration for the application should be selected from

the numerous possibilities. However, to examine each possible connection

becomes a difficult task. Probably, the first basic rule is that in ambient

liquid systems, the standard flared or flareless tube connections are used

while for gaseous systems (particularly the liquified gaseous and high tempera-

ture gas systems), the selection becomes more difficult. A reasonably complete

list of the various types of connections and the basic requirements for each

is presented on Figure No. 84 (sheets 1 through 7). The information presented

was gained from standards, drawings, and specifications, available literature,

catalogue information, discussions with manufacturers, and to a lesser extent,

actual laboratory testing. Figure No. 84 was used as a basis for selecting

complete joints (in the case of the proprietary items), parts of joints (in
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the case of supposed improvements over the standard connectors), and gaskets

for laboratory evaluation for a broad range of services. The connections,

fittings, and seals have been separated by types: welded, brazed, and swaged;

threaded connections that can be purchased complete; and the standard flared

and flareless tube connections. The interchangeable standard flared tube

fittings are also separated for easy reference, as are the various types of

couplings (i.e., nuts and fittings) that are _terchangeab]e with the standards.

The gaskets are designed for either the coupling or boss end_ of the flared

tube connections and are classified accordingly.

The materials available in the parts or complete connec-

tions as actual standards or as suppliers standards are included. The machin-

ing requirements column applies only to the critical dimensions for the sealing .

interface and any applicable standards. In the case of the welded, brazed, or

swaged connections, this applies to the actual fitting (if one is required).

The tubing requirements section presents the standard for tubing and/or the

flaring operation and specifies the necessary surface finishes, roundness of

the tube or flare, and concentricity or run-out of the tube inside diameter to

outside diameter or flare (angle-to-tube diameter). The required boss that

must be machined on the component is aiso specified along with any critical
surfaces or runout of surfaces to the _hreads.

The required torque values are specified for the 3/8-in.

and 3/4-in. sizes for comparison purposes only. Any applicable standards for

torque values are also specified in this column.

The operating temperature range specifies the range of

temperature at which the connection, fitting, and seal can be used considering

the available materials for all the parts. This is not intended to mean that

completely satisfactory leakage rates will be attained with a particular con-

nection, fitting, or seal over the range of temperature specified. This is a

function of the designed stresses for the particular connection at the speci-

fied torque, the possibility of stress relaxation, and many other factors.

The temperature range specified considers only that the materials available

for the connection can be used over this temperature range. However, in some

cases, the supplier has limited the temperature service range based upon his

knowledge of the stresses in the connection. In these instances, the values

are specified as such.

The remarks column provides a brief summary of the

favorable and unfavorable points in the connection, fitting, or seal. Possible

problems are also indicated, but this is not intended to be a detraction from

the connection because other factors can be more important for a particular

application. It is intended only to alert the designer for further studies

regarding the particular application.

The test experience section is a summary of actual

laboratory evaluation of particular connections, fittings, and seals with the

fluids, temperatures, pressures, and resultant leakage rates shown.



b. Design Practices

The forces tending to separate or cause deflections in
the small tubing Joints are the sameas those for the static sealed joints.
The samedesign proof (or burst) pressures to prove the joint are also appli-
cable. The Joint must be capable of withstanding tile sumof proof (or burst)
pressures, axial tension, bending moment,and shear loads, while maintaining
tile required minimumsealing stress in the gasket (for tile threaded connection)
or it must prevent separation of tile joint (for the welded, brazed, or swaged
connections) under all operating conditions and environments during the life
of the joint.

The type of small tubing joints selected for o particular
application must be based upon many factors. First consideration should be
given to the more permanent welded, brazed or swagedconnection. Eacil of these
connections present their own unique set of problems, which will be subse-
quently discussed; however, if the essential precautions are taken and proper
tooling is used, they are the most reliably leak-tight and trouble-free joints
available. Where the connection is to a componentin tile system (which is
usually the case), the experience and confidence in tile reliability of the
componentmust be thoroughly considered. If it is desirable to provide a
capability for removing the componenta numberof times, the cylindrical boss
or weld tip on the componentmust be considered. The length of the tubing
required to permit cutting the connection for a specified numberof times
while maintaining sufficient boss or tubing length to make the new connection
must also be considered. This depends upon the type of joint and/or the
length as well as tile numberof fittings needed to accomplish the required
numberof assemblies• Gooddesign for welded, brazed, or swagedjoints are no
less an engineering problem than the threaded connections. They are probably
as mucha fabrication and field (if a componentmust be replaced) problem as
the standardized threaded connections, but the gain in reliability and leak-
tight joints make them very attractive. The manufacturer of the purchased
brazed connections should be thoroughly informed of system fluids, pressures,
temperatures, and operating environment so that the connector and brazing
materials will be compatible with the system. If the threaded connections are
selected, the samebasic principles for the joint design are applied as for
the larger static seal joints, except that bowing between fasteners is no
longer a problem. The preload is applied to the gasket (or joint) by one,
large, threaded section and loading can be more uniform than for the bolted
Joints. Probably, the first rule in selecting threaded connections would be
to use the available proven connections _erever possible for the particular
application. The design pressures, temperature range, and other parameters
should be available from vendors (in the case of the purchased complete joints)
or are controlled by specifications and standards for the standardized connec-
tion for most liquid systems. If none of these connections are suitable for a
particular application, methods for design and analyses are presented in the
available literature(35).

(35) Rathbun, F. O., op cit.

192



Threaded connection designs utilizing any of the
"pressure-energized" face gaskets, flat gaskets and crush washers, or diametral
gaskets require the samedesign considerations as previously delineated in the
discussion of the Static Seal Joints. Angular and radial misalignment between
the sealing surfaces are the sameas for the static seal joints; however, they
can be somewhatmore critical and present more serious assembly problems
because the gasket cross-section is usually muchsmaller. This smaller gasket
cross-section provides a muchsmaller deflection and distortion capability.

c. Problem

The brazed and welded connections present someproblems
of alignment and may require holding fixtures during the brazing or welding
operation. The welded connections that do not provide full penetration at the
joint interface can also present someserious problems of cracking after a
number of pressure cycles because of the inherent notch (or crack) at the
inside of the joint which will eventually progress through the weld. This is
particularly a problem where bending can occur at tile weld joint. Tooling
must bc available to makeand hold tile proper alignment during assembly.
Tooling is also required for cutting the connections from the line when
necessary to replace components. An associated problem with this cutting of
a connection from the line is contamination of the system by metal chips or
particles from the cutting operation. Careful selection of the brazing
materials must be madefor compatibility with the system fluids. In addition, _
the associated brazing temperatures can cause more problems. Heat-sinks or
similar devices maybe required in many instances to prevent over-heating
componentparts in both the welded and brazed connections. The brazed coflnec-
tions mayalso require dressing the tube for short lengths to specified
diameter and roundness tolerances to provide proper fits between the tube
outside diameter and the fitting inside diameter. The swagedconnections
present essentially the sameproblems of alignment and holding fixtures
during assembly as well as cutting tools for removing the connection from the
line.

The most difficult problem to solve with the welded,
brazed, and swagedJoints are with the transition (dissimilar metal) joints.
Welding methods are available for transition materials but tooling is not yet
available for proper connection of dissimilar tubing joints. Also, the transi-
tion joint weld is not particularly strong. These joints usually require a
threaded connection for load carrying membersas well as a seal weld. Brazing
of the transition Joint is mademore difficult because the brazing materials
are usually a compromisebetween the best selection for each of the tubing
materials and the fitting. Swaging of the transition joint can be a problem
because the swaging pressures required for the two materials may be different.
Also, electrolytic corrosion and fluid compatibility of the completed brazed
or swagedJoints must be thoroughly investigated.
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The proprietary threaded connections require that the
fitting be welded, brazed, or swagedto the tubing and, in the cases where one
half of the fitting cannot be machined on the component, will also require
welding, brazing, or swaging to the componentpart. Most of these fittings
also necessitate that exposed male threads be provided on the componentswhich
can present someserious handling problems. Extremely good alignment of the
two halves of the connection is also required during assembly for most of these
fittings. Replacementof a damagedor worn fitting necessit,Ttes that the
fitting be cut from the tubing or component. The big advantage of tl_ese
connections over the standard flared or flare, less fittings; is that _ach con-

nection contains only one sealed joint and no rotation occurs between the two

flanges as the connection is tightened.

The standard flared and flareless threaded connections

are basically less reliable than any of the other joints because each connec-

tion contain_ two sealed joints. The tube-to-fitting connection of the flared

tubing _ [)resents some serious concentricity problems between the fitting,

the sleeve, and the coupling. This causes unequal loading at the sealing

interface (tube flare-to-fitting). To gain sufficient sea]ing stresses

(plastic deformation) in the tubing flare, excessive stresses (and associated

deformation) is experienced in the sleeve and the B-nut. These excessive

stresses cause hoop deformation in the sleeve and bending at the loading point

betwe_n the B-nut and the sleeve. The thread lubricants selected can also

create wide variations in the sealing stresses caused by variations in the

friction coefficients. Equalization of the stresses and creep causes loss of

torq,e in the connection. If the flare of the tube is not properly fabricated,

bend_nl,; cracks (crazing) can occur at the radius to the flare and result in

compic_te failure of the joint. The premium grade "MC" standard flared tube

connections are an attempt to reduce these problems by increasing the strength

in the sleeve and the nut while providing a known (sprayed-on) lubricant. They

also provide refined finishes on the flare and the fitting (sealing interface)

to reduce the required sealing stresses. Reduced concentricity and runout

tolerances help to lessen the required loading to obtain sufficient sealing

stresses. Also, these connections need an improved (low tolerance) seamless

tubing. These fittings can still present some loading problem because of

eccentricities in the connection and the basic mechanics of transcribing

torque-to-gasket seating stresses at the B-nut-to-fitting joint.

Tube-to-fitting connections with the flareless fittings

contain a ferrule that "digs-into" the tube and can be a fairly good joint for

some applications. However, this can cause problems regarding the reusability

of the connection if proper handling and assembly procedures are not followed.

The flareless connection contains the same tolerance and concentricity problems

as the flared tube connections along with some of the same creep and stress

equalization problems. The flareless connectors are somewhat more sensitive

to combination temperature and vibration environments than the flared tube

connections.
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In the component (boss-to-fitting) flared and flareless

connection, rotation between sealing surfaces during the installation of the

fitting causes problems. The wiping action can cause galling between the seal

and fitting (in the case of tile metal gaskets) or some shaving in the case of

the elastomeric and Teflon O-ring. Elastomeric O-ring gaskets present the same

gas permeability and fluid compatibility problem,s:; as do the static sealed

joints. Teflon O-rings also present _old i low problems because the gland

volume is greater than the O-ring volLi_e wi,ich means that the Teflon O-ring is

not completely constrained. It is po._Lblc co use O-rings with oversized

cross-sections to alleviate this problem, but then installation of the O-ring

over the fitting threads without damaging the gasket is difficult. Replacing

the ANDIO050 boss with the MS16142 boss will reduce the volume of the groove

area and somewhat better service is then attained with O-ring boss gaskets of

standard cross-section. Metal gaskets can cause deterioration of the fitting

and the boss sealing surfaces after a number of assemblies. Sealing surface

finishes on the military standard fitting bosses and associated parts are

usually not fine enough for the metal gaskets. Improved surface finishes,

concentricities, and tolerances of the "MC" standards reduce, but do not

eliminate, the problem. Some metal gaskets also req_l_re over-stressing the

military standard fittings to gain sufficient sealing stresses. Sealing of

bulkhead fittings with metal gaskets is very difficult because the gasket must

seal around the neck of the fitting. Extreme pressure lubricants must be

used sparingly at the gasket-fitting-boss interfaces to prevent galling between
the parts.

4. Joint Design

The best welded joints require fuji penetration of the weld

at the joint interface. If this is not possible, the joint should be designed

so that the loads are carried by shear in the weld. The welded joints that

carry the line loads in bending can be useful at the lower pressures and

limited pressure cycles. The current technological tooling available for

these joints should be thoroughly investigated. It is strongly recommended

that joint design concepts using the welded connections be thoroughly tested

and evaluated with respect to the design loads, temperature, fluids, all

environments, assembly and disassembly techniques before making the design
final for actual hardware.

The requirement for the brazed joints should also be thor-

oughly investigated for compatibility with the system fluid, brazing tempera-

tures and its affects upon structures and components, as well as the required

machining of tubes and bosses. Pressure and load carrying capability is a

function of the clearance between the fitting inside diameter and the boss or

tubing outside diameter, brazing material strengths, and the length of the

braze joint. Sufficient tubing, boss lengths, and space must be provided for

the brazed connections that must be cut out of the system to allow for the

desired number of disconnections and connections. The required tooling for

making the connections and cutting or de-brazing the connections should be

thoroughly investigated so that sufficient space can be provided around the
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connection for tool accessibility. De-brazing temperatures are somewhathigher
than the temperatures required during the brazing operation. Selection of
cutting tools and procedures for preventing contaminants from entering the
lines can be extremely important. The required additional boss length and
space to make the desired numberof connections can be reduced if the cutting
tools cut close to the fitting and properly prepare the boss end for the new
connection at the sametime. The samerequirements apply for the swagedcon-
nection as for the welded or brazed connections insofar as installation and
disconnection tooling accessibility and space for the desired numberof new
connections is concerned. Line contamination during disconnection must also be
considered. Pressure and load-carrying cap;_bility is a function of swaging
pressure, length of the swage, as well as fitting and tubing or boss material
strength.

Most of the proprietary connections are designed to withstand
at least the burst pressures of the tubing to be used. However, all design
loads and conditions that could be encountered cannot be considered in a
standard connection. The design loads, temperature, environments, as well as
other factors should be accurately determiuc_i and supplied to the manufacturer
of the selected connection before the joint design is madefinsl. The manu-
facturer should be capable of determining _lether the selected connector is
suitable for the application and makethe necessary recommendationsto assure
good design. If the connection halves must be welded or brazed to the tubing
or componentduring system assembly, tooling accessibility must also be con-
sidered. Usually, this is done as prefabricated assemblies so that welding,
brazing or swaging to the mating parts is less difficult and more reliable.
The preparation requirements for the mating tube or boss is presented on
sheet 2 of Figure No. 84 for those connections where the information was
readily-available. These requirements must be requested from the manufacturer
to assure a good welded, brazed, or swagedjoint to the connection.

If the standard flared or flareless tube connections are
selected, all of the requirements for the fittings, tubing, and bosses and the
associated specifications must be studied and analyzed for the particular
application. Most of these are included on sheet 3 of Figure No. 84 for ready
reference. It should be understood that the military standard connections were
specifically designed for liquid systems. The more refined MS24000 series
flared fittings should be used for most non-critical gaseous systems and the
NASA"MC" standard fittings are recommendedfor the critical gaseous or liqui-
fied gaseous systems. The standard flareless fittings can also be useful for
someapplications. However, it is strongly recommendedthat any of the stan-
dard fittings be thoroughly tested and evaluated for the particular pressure,
line loads, temperature, vibration and other environments before the final
selection is made. It may be necessary or desirable to use someof the inter-
changeable coupling nuts, gaskets, and fittings to assure a reliable joint at
all of the expected conditions. Also, the desired leakage rates and load-
carrying capabilities at all operating conditions maynot be attainable with
the standard connections.
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Considerable thought must be given to the assembly tightening

torques, particularly at tile component bosses, during the initial design when

the threaded connections are used. Sufficient torsional strength must be pro-

vided in the boss to resist assembly tightening loads, or wrench flats must be

provided so that excessive twisting loads are not transmitted to the boss.

If it is desirable to desizn the complete threaded connection

for a particular application, the design considerations are essentially the

same as for the static sealed Joint except tilat the fastener (threaded section)

is somewhat different. A very complete method of design analysis for new

designs (or for selected designs) of threaded connections is available in the

existing literature(36).

5. Handling Procedures and Problems

After the connectors have been selected and all of the neces-

sary design and machining requirements are specified, the next problem is one

of properly handling the component parts of the connection up to the time that

they arc assembled. Handling of component parts after fabrication presents

many possibilities for damage to critical fits, sealing surfaces and threads,

particularly if these surfaces are exposed. It is necessary to inspect, clean,

store, and assemble parts after fabrication; therefore, handling cannot be

completely eliminated. The susceptibility of the connection to damage depends

upon the type connection, the materials involved, and how critical the required

fits and surfaces are. The welded, brazed, and swaged connections are probably

least affected by damage of the component parts, l{owever, even these cannot

provide a good joint if the tubing or the fitting becomes out-of-round, tube

ends are excessively damaged, or excessively deep scratches are inflicted upon

the tube. Threaded connections are subject to the same problems concerning

damage to the gaskets or sealing surfaces as the static sealed joints but have

the additional problem of damage to the integrated, threaded male flange.

Preventing damage to the prepared tubing for the welded,

brazed, or swaged connections is usually expeditiously resolved by providing

appropriate plugs and covers for the tube ends during all handling and clean-

ing operations. The fittings can be cleaned and properly packaged at the

supplier's plant if source inspection is provided. The gaskets and fittings

for the threaded connections can also be properly cleaned and packaged at the

supplier's plant when there is provision for source inspection.

6. Assembly Procedures and Problems

The final problem in obtaining a good small tubing connection

is the assembly of the component parts. This involves not only proper han-

dling, but good techniques of assembly to assure proper mating at the connec-
tion interfaces.

(36) ibid.
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If cleaning and appropriate protective packaging is provided,
the interface surfaces will be free of any foreign particles that could prevent
proper sealing or imperfect welding, brazing, or swaging of the connection. If
cleaning is not previously required, it will be necessary to assure that all
interface surfaces are free of any foreign particles. Any solvents used for
this operation must be compatible with the system fluids and only llnt-free
tissues or cloths can be used. The hand-cle_infng process mayb_ muchmore
difficult to apply to the small threaded connectors than with the larger,
static sealed Joints.

The threaded connections require proper lubrication of the
threads. Insufficient lubrication will reduce the applied sealing stresses on
the gasket. Excessive lubrication can present serious system contamination
problems, particularly after a number of assemblies. This is expecially a
problem with the flared and flareless fitting-to-boss joint. The lubricant
begins to "stack-up" at the bottom of the boss as more and more of it is
applied after each assembly. The best method of eliminating this condition
is to allow the lubricant to be applied only to the male thread of the connec-
tion.

Lubricants should not be used on the gaskets or interface
s_altng area of the proprietary threaded connections. These are treated the
sameas any static sealed Joint. The design should provide sufficient gasket
deformation at the sealing interface to preclude the necessity of using lubri-
cants and greases. However, there is one type of joint where lubricant must
be used on the gasket; this is the flared and flareless boss-to-fitting joint.
The relative rotation of the two mating surfaces, as the connection is tight-
ened thereby loading'the gasket, requires that lubricants be used for all but
the Teflon O-rings or the Teflon-coated metallic gaskets. The elastomeric
O-rings require a very light lubrication to prevent tearing or damagingthe
gasket. The uncoated metallic gaskets need a lubricant to prevent galling at
the sealing interfaces. This lubricant must be capable of withstanding high
compression stresses without breaking down. The lubricant must aiso be
compatible with the system fluids because this area ks directly exposed to tile
system fluids. Evaluation tests should be conducted with the selected lubricant
to assure that it will prevent galling between the gasket and mating surfaces.

As indicated, alignment of the componentparts of the
connectors can be critical in obtaining a good joint. If this has the
potentiality for becoming a serious problem, it must be considered during the
initial design stages of the system. The threaded connections are too small
to use alignment pins, but the use of alignment shoulders and pilot diameters
are possible. These alignment devices should be designed so that the neces-
sary alignment is accomplished before contact is madewith the gaskets of the
threaded connections.

Methods used for tightening the threaded connections must
also assure that sufficient load is applied to the gasket without over-stressing
the componentsparts of the connection. Twowrenches are always necessary in
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assembling the threaded connection to prevent excessive twisting of the weaker
sections of the flanges and the tube as well as to prevent any relative rota-
tion between the gasket and mating surfaces. Testing must be conducted with
the selected threaded connection and lubricants to assure that sufficient
minimumsealing stresses are applied to the gasket using the minimumspecified
torque value. The maximumallowable torque value must not over-stress any of
tile componentsparts.

B. TESTPROCEDURES

Except for somepreliminary proof and leak tests to determine the
best assembly procedures and requirements, the laboratory evaluation test pro-
cedures were based upon a predetermined statistical testing plan. The details
of each of the planned tests and the over-all statistical plan is presented in
the following descussion.

i. Critical Dimension Inspection

A complete first article inspection of all the components

of the connection was performed before starting the tests. All of the actual

critical dimensions, surface finishes, and other pertinent information were

recorded. The equipment and/or methods used to perform these inspections was

devised so that no detrimental marks, scratches, or other imperfections resulted
from the inspection.

2. Assembly Procedures

The assembly procedures and requirements were those recom-

mended by the supplier of the connection (or in accordance with the specifi-

cations of the standard connections) if these proved satisfactory for the

preliminary proof and leak tests. Where no particular assembly procedure

was recommended, the procedure was initially evolved in conjunction with some

preliminary proof and leakage tests. Also, improvements in the recommended

procedures were gained from the preliminary tests. These preliminary proof

and leakage tests were essentially the same as those specified in the ensuing
discussion.

After the necessary alignment, torque values, lubrication,

and other requirements were determined for the particular connection, they

were specified as part of the standard assembly procedure for the connection.

In general, the assembly procedures includes: thorough cleaning of all the

components of the connection before assembly; visually examining and recording

any nicks, dents, scratches, or tool marks in the critical surface areas;

recording the lubricant used; run-up and final torque values, or (in the case

of brazed or swaged connections) tooling used for brazing or swaging. The

connection part number and serial number, as well as other information per-
tinent to the particular connection was also recorded.
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3. Statistical Testing Sequence

The actual testing plan sequence for each size of each con-

nection for the complete program was as shown on Table XI.

4. Proof Test

Hydrostatic pressure was slowly applied up to the specified

proof pressure (usually 3,000 psig) and held for i0 min. Any leakage was

determined by visual observation (for the leakage location) and decay check

for the leakage rate). Tile test specimen was then disassembled and inspected

for any detrimental distortion of the component parts. The presence of any

detrimental distortion was considered to be a joint failure. All of the

acceptable Joints were thoroughly cleaned, dehydrated, and reassembled for
the next test.

5. Leak Test

a. Water Displacement

Leakage tests were conducted by submerging the test

specimen in water and slowly pressurizing witi_ the test gas (usually helium)

to 75% of tile proof pressure, which was held for three minutes. Leakage

checks were made at 10%, 25% and 50%, 75% and 100% of the leakage test pressure.

Any leakage was collected in an inverted graduated beaker and the amount record-

ed in cubic-centimeters-per minute. If no bubbles were observed, the joint was

considered satisfactory for the mass spectrometer tests. If bubbles were

observed, the threaded connections were re-tightened in accordance with the

procedures previously determined and again leak tested. The starting and final

tightening torque value was recorded. If leakage persisted, the connection was

disassembled (or sectioned, in the case of the swage and brazed joints) to
determine the cause.

b. _ss Spectrometer Leak Test

If the connector successfully passed tile water displace-

ment leakage test, the joint was encapsulated or installed in a vacuum chamber

so that the actual leakage rate could be determined with the mass spectrometer.

Leakage checks were again made at 10%, 25%, 50%, 75% and 100% of the leakage

test pressure with gaseous helium. The leakage rate value was recorded in

standard cubic-centimeters-per-second.

6. Pressure Cycling Test

Pressure cycling tests were conducted with the test specimen in

accordance with the procedure shown on Table XII. The test medium was usually

gaseous nitrogen at ambient temperature. A total of 30,000 pressure cycles

were applied with leakage tests conducted at the 50th, lOOth, 200th, 500th,

1,O00th, and every l,O00th cycle thereafter, up to and including the 30,O00th
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cycle. The maximum time to pressurize the specimen was one second. If gross

leakage developed in the connection during this test, the specimen was dis-

assembled (or sectioned) to determine its cause.

7. Thermal Shock Tests

a. Low Thermal Shock Test

The connectors tested were either submerged in or flowed

with liquid nitrogen or liquid hydrogen until the joint temperatures stabilized.

They were then submerged in hot water or flowed with hot gaseous nitrogen (+I60°F)

until the Joint temperature stabilized. The joint was then re-tested with

gaseous helium in accordance with the leak test procedure described in paragraph

IV, B, 5. The low thermal shock testing sequence was in accordance with the
procedure shown on Table XIII.

b. High Thermal Shock Test

No high thermal shock tests were conducted prior to

program termination. The planned testing consisted of soaking the connectors

at -160°F (in liquid nitrogen vapor or in an appropriately controlled environ_

mental chamber)'until the temperatures became stabilized. Hot gases (1200°F)

would then be flowed over the connector until the connector temperature became

stabilized. Leakage tests were then to be conducted at both low and high

temperatures using gaseous helium in accordance with the procedure described

in paragraph IV, B, 5. The planned high thermal shock testing sequence is
shown on Table XIV.

8. Repeated Assembly Tests (Threaded Connection)

Repeated assembly tests of 20 cycles maximum or until failure

occurred were conducted with each test specimen. The connector was visually

examined for nicks, dents, scratches, or distortion after each assembly cycle.

Leakage tests in accordance with the procedure described in paragraph IV, B, 5

were conducted after the first, fifth, tenth, and twentieth assembly.

9. Vibration

Specimens were vibrated in each of two mutually-perpendicular
planes as follows:

a. Sweep frequency checks were first conducted to determine

the resonant frequency points.

b. Test specimens were vibrated at each resonant frequency
for one hour at 20 g's.

c. Leakage tests were conducted after each resonant fre-

quency vibration test.

203



TABLE XIIi

LOW TIIERMAL SIIOCK TEST PROCEDURE
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TABLE X IV

PROPOSED HIGH THERMAL SHOCK TEST I-'ROCEDURE
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I0. Salt Spray Test

Salt spray tests were conducted with the specimens in accor-

dance with MIL-E-5272C, Paragraph 4.6, except that the spray was a 20% salt

solution and the time period was at least five hours.

ii. Burst Test

llydrostatic burst tests were conducted with water or hydraulic

fluid. Pressure was slowly applied to the specimen until rupture occurred.

Tile pressure at which the failure or rupture occurred as well as the location

of the rupture were recorded.

C. TEST RESULTS

Testing in accordance with the statistical testing plan was not

completed with all of the connections tested prior to the termination of the

program. However, the testing that was completed with various connections is

presented herein.

i. Critical Dimensional Inspection Results

Most of the proprietary connections inspected were within the

supplier's blueprint and specification requirements. Packaging of these con-

nections was well-planned for good protection of the connection component

critical dimensions and surfaces during shipping and handling. However, this

w:_s not the case with the standard flared tubing components. Some lots of the

fibred tubing hardware had extremely high rejection rates because of dimensional

_iscrepancies as well as surface and thread defects. One lot of the MS precision

fittings had apparently been reworked by the supplier from AN fittings by re-

surfacing the nose of the fitting. In the process, the resulting intersection

of the nose surface and the fitting bore was a sharp corner; additionally, none

of the other surfaces and dimensions were within the MS precision fitting

tolerances. Many of the standard fittings and other components were received

without protective packaging with groups of ten to fifty parts placed in a

single brown paper bag. Only some of the standard parts were received properly

protected and individually packaged as would be expected with critical parts.

Gaskets for the various connections presented the same packaging and handling

problems as were described in the static seals discussion. Some manufacturers

consistently packaged the gaskets in a proper manner, while the packaging of

other suppliers was consistently poor. Some manufacturers were inconsistent

in that they provided good packaging for one lot of parts and poor packaging

for the next one. Excluding shipment damage, the rejection rate for dimensional

and other defects was very small for the gaskets, which were consistently

within the supplier's blueprint and specification requirements. The acceptable

parts were properly packaged and stored for future use in the evaluation pro-
gram.

2. Assembly Procedures and Requirements

Assembly procedures and requirements ranged from reasonably

simple and foolproof (particularly for one brazed connection and the swaged
2O6



connection) to extremely difficult and meticulous for some fitting-to-boss

gaskets. The tightening torque values for the standard and proprietary threaded

connections and gaskets are shown on Table XV. The assembly procedures and re-

quirements are detailed in the following discussion.

The exothermic brazing system (Pyrobraze) was tile simplest

and easiest system of all the connections to assemble. The vendor suggests

that the tubing (or tubular bosses) be sized to a diameter and roundness

tolerance of _+ 0.001 in. The sized diametecs are at the maximum allowable

standard diameters for the particular tube size. The assembly tooling required

consists of a six-volt dry cell battery. TI_c brazing _ystem requires a flux

(which is provided with the fitting) and will present contamination problems

for some systems because the flux "runs-out" on the inside as well as the out-

side of the tube. Also, the fitting must be cut from tile system if leakage is

encountered or if component replacement is necessary. The exothermic brazing

system is currently limited to CRES tubing (or boss) connections. This connec-

tion should be very useful in solving low level leakage problems in fuel or

gas systems that can be easily flushed (or where the flux contamination will

not be a problem) after the system is assembled.

The "SpaceCraft" connection is a fluxless induction brazing

system that uses an argon gas purge on both the inside and outside of the

connection. This connection process is very clean and produces a lightweight

joint. Assembly procedures and requirements are somewhat difficult, but tools

and equipment are available for all of the steps in the procedure. The tubing

+.00_must be sized to a diameter and roundness tolerance of -.00 in. The sized

diameters are near the minimum allowable standard diameters for the particular

sized tubing. A tool, which contains a vacuum system to carry away any chips

or other particles, is provided for dressing the tube end. The induction braz-

ing tool is a hand-tool which is attached to relatively long flexible electrical

and gas purge lines. Hand-tools are also provided to cut the fittings and to

de-braze for disconnection. The tube (or tube and boss) ends can then be re-

dressed for the new connection. The system is currently limited to CRES tubing
(or boss) connections.

The swaged "H" fitting is also a relatively simple connection

to make. Tube sizing tolerances are less stringent (+.004 in.) than the brazed
"=.002

connection. The hand swaging tool is somewhat bulky but easy to handle. Fit-

tings are available for use with both CRES and aluminum tubing. Tills system

may also have possibilities for making dissimilar metal (CRES-to-al_iainum)

joints, although this was not discussed with the supplier. Cleanliness of the

system is the responsibility of the user. Also, alignment of the two ends
during assembly is somewhat critical.

Two methods were used to attach the two halves of the pro-
prietary threaded connections to the tubing; the socket weld method and the

roll swaging method. The socket weld method is standard for the Conoseal and

Roylyn tube connections and is available for the Gamah connections on special

order. In the Gamah connections tested, the tubing was roll swaged into the
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connection halves which is the standard configuration for the Gamah. The

socket weld attachment is not the most desirable weld joint because of the

inherent notch in the weld. This is particularly true where the connection is

to be used in areas of extreme vibration or high pressure impulse cycling.

However, no particular problems were encountered with t;_ese attachments at the

conditions imposed during the laboratory tests. The Co[_oscal and Roylyn stan-

dard connections are available in CRES matet'i_is only; tl_erefore, only these

connections were tested. The Gamah connection is awlilable in both the

aluminum alloy and CRES materials; both types were test_d. The Conoseal is

also available on special order for aluminum or aluminum-to-CRES connections,

but none were tested. It was necessary to use heat-sinks during welding to

prevent excessive warpage at the critical sealing surfaces in both of the

socket welded connections. Good alignment between the connection halves was

essential during assembly and tightening of all three of the proprietary con-

nections tested. It was also important to thoroughly clean the critical seal-

ing areas and the threads before assembly. Only the male threads were lightly

lubricated before the assembly. Tightening torque values were those specified

by the supplier (see Table XV) unless these were found to be inadequate during
the initial testing.

Assembly procedures and requirements for the standar_i flared

and fi,._eless tube connections are specified in tile appropriate military assem-

bly procedures and are presented on Table XV. The procedures and requirements

were. followed for all assemblies of the standard threaded connections, except

where r_placement (and supposedly improved) coupling, fitting, or seals were

used and over-tightening of the connection was either permissible or required

by the supplier to effect a seal. For example, the Wiggins "DL" coupling assem-

bly allowed the joint to be tightened as much as 150% of the standard torque

values without overstressing the coupling nut or sleeve. Some compressive dis-

tortion of the nose (conical surface) of flared tube fittings was possible at

these values; therefore, the maximum permissible torque values were lowered

for these fittings depending upon the size of the connection. It was found

during the initial stages of the program that is was necessary to lightly

lubricate the male threads (only) on the flared fitting and also the back side

of the sleeve to prevent galling as well as to provide sufficient axial loading
to effect a seal.

A potentially serious assembly problem was encountered with

the flared tube-to-fitting (Del shell and Voishan conical) gaskets. In some

cases, the gasket would remain in the B-nut half of the connection at dis-

assembly and would be inadvertently left in that position when a new assembly

(with a new gasket) was made. In some of the cases, the old gasket would cock

as the new assembly was made and partially, or completely block the port. How-

ever, the major problem was the reduction in clamping force to hold the tube

in place. In one instance, the tubing flare pulled out of the coupling _len

pressure was applied. The same problem would apply to the conical seal boss

connections, although this never happended during testing of the joint. A

precautionary note was included in the assembly procedure to assure that the

technician checked for this condition before reassembling the joint.

209



Almost all of the proprietary fitting-to-boss gaskets required

special procedures and/or tightening torques to effect a seal. The Natorq

seals required a light coating of high compression lubricant to prevent galling

between the gasket and the mating surfaces. The Natorq union and bulkhead

seals tested required such high tight_,ning torque values that the stresses in

the fitting exceeded the material yield str_'n_;th. Two sizes of the MS24392

unions were used to obtain data conc_rning p,_rT_Hn_,nt s_'t (elongation) of the

union at various torque values from 50% to 200% of the maximum specified by

the supplier. The results of these tests are shown on Fi_;ure No. 85. Both

the straight union and the bulkhead g._ket, as tested, are l)ermanently attached

to the fitting after the initial assembly. No method could be devised to remove

(cut) the gasket from the fitting without damaging the macing surfaces; there-

fore, the fitting and gasket were discarded and new assemblies were made when

leakage occurred. The bulkhead union gasket was extremely difficult to assemble

and to f_ffect a seal with. The procedures developed for this gasket require

that the fitting be held stationary with respect to the boss as the nut is

tightened to the specified torque valve. The bulkhead nut must be backed-off

and retightened to gain initial sealing. In many instances, the nut had to be

retightened as much as three or four times before a good joint could be made.

Usually, the straight union seal could be sealed satisfactorily during the

first assembly, but occasionally these gaskets would also require reseating.

The Omniseal boss gaskets and the oversized Teflon O-ring

gaskets both required a special assembly tool to fit the gaskets over the

thread on the fitting. This tool consisted of a thimble-shaped Teflon device

with a thin tubular section that fits over the thread on the fitting. The

gasket would then slide up the tapered section of the tool and over the thread

without damage. However, the gaskets were still very difficult to assembly

onto the fitting unless they were heated (in warm water above IO0°F) before

sliding them over the thimble. The purpose of the oversized cross-section

O-ring gasket was to sufficiently increase the volume to be completely con-

strained in the gland provided by the AND10050 boss with the standard straight

union and bulkhead union assemblies. In this way, the cold flow problem with

the Teflon would be reduced. However, the problem with this approach was that

the face of the fitting would not always bottom on the face of the boss at

standard torque values during the initial assembly. The Teflon would cold-

flow into the gland after a few minutes to the extent that the joint could be

retightened and brought face-to-face, but retightening of some joints was

again necessary to assure that the standard torque values were maintained.

3. Proof Test

No failures were encountered with any of the connections at

proof test pressures. Leakage did occur in some cases and usually , these joints

would not pass the lakage test. Leakage of the joints tested at proof pressure

is shown on Figure No. 86.
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No detrimental permanent distortions were noted on any of the

brazed or swaged connections tested at proof pressures. A lessening Jn the

torque of the threaded connections was noted. This was a particular problem

with the standard flared tube connections. The torque loss in the threaded

connections after the proof test is shogun on Figure No. 87. It was not deter-

mined what part of the torque loss was caused by the creep characteristics

of the connection materials. It was assumed that the greater part of the

lessening in torque was caused by the equaliza_:i,m _y r, 1, _ ¿,,n of stresses

plus the stresses induced by proof pressures in tile conuccL_<nl. The Wiggins

"DL" replacement coupling nut did not complct_,iy resolve the torque relaxation

problem in the standard flared tubing connections, at least not at the standard

torque values. Torque values above tile standard values reduced leakage (sub-

sequently discussed), but some torque relaxation remained evident.

4. Leakage Tests

The results of the initial leakage tests for all of the con-

nections tested are shown on Figure No. 88. The leakage capab£]ities of the

two brazed connections were estimated based upon some liquid leakage tests and

sectioning of the connections through voids in the braze detected by radio-

graphic inspection of the connections. All voids were extremely small, closed

cells with no continuity between the voids or across the braze section of the

joint. A more detailed discussion of the work done with these connections is

available in the exisiting literature(37). Leakage rates of the swaged fittings

were determined by helium leakage tests. A sealed chamber was constructed

around the joint so that the mass spectrometer could be used to determine the

leakage from the joint.

The leakage rates shown for the balance of the connections

are usually calculated values based upon the length of time of the water sub-

mersion leakage test. In these cases, the lower limit and actual range of

leakage rate values are not shown because they were not determined with the

mass spectrometer. Where mass spectrometer tests were conducted, the lower

limit and range is shown on Figure No. 88.

Comparisons were made with the standard flared tube connec-

tions and some of the various replacement parts (i.e., fittings and couplings)

as well as the gaskets that can be used with these connections. In these

instances, comparisons are made using essentially the same hardware as the

standard connection, except for using the replacement parts. These comparisons

are shown on Figures No. 89 through No. 93. The prime purpose of these com-

parisons was to determine whether the replacement parts or gaskets actually

resolved the problem for which they were designed. Also, data were collected

regarding some of these connections concerning leakage at various torque values,

including overtorque (torque above the standard values). These data are shown
on Figures No. 94 and No. 95.

(37)
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5. Pressure Cycling Tests

The results of those pressure cycling tests performed with

the connections are shown on Figure No. 96. No failures (separation or per-

manent distortion) were encountered with the connections tested.

6. Thermal Shock Test

a. Low Temperature Therm_| Shock T_'st

Results of tl_,, low t,'mpcrnture the_'T_;,l shock tests per-

formed with the connections are shown on FJg_re No. 97. No failures (separ,
ation or permanent distortion) were, cncou,tered in the connections tested.

Torque relaxation was encountered with some of the threaded connections and

this is shown on Figure No. 98. For those joints which showed high leakage

rates during the thermal cycling test, a specia] low temperature t_l was

condm:ted to determine the limiting low temperature range. The curves of the

leakage rates for these connections were attained at various temperatures and

are shown on Figures No. 99, No. tOO, and No. 101.

Tests with standard _nd oversized cross-section Teflon

O-rings in the standard flared tube fitting bulkhead and straight union-to-boss

connections indicate that to maintain gaseous helium leakage rates of less than

1.6 x 10 -3 cc/sec (no bubbles in three minutes) when temperatures are reduced,

tim volume of the 0-ring must be increased. The standard (ARP568-900 series)

sLze O-rings are not completely constrained in tlm boss-to-fitting gland. Cold

flow of the teflon (at ambient temperature) and the contraction characteristics

of the material cause tlm standard cross-section gasket to leak almost immed-

iately as the temperature is lowered. As the cross-section diameter is in-

creased (with an associated increase in volume), the Teflon is increasingly

constrained in the gland and the temperature at which leakage occurs is de-

creased. However, the necessary increase in volume is different for the bulk-

head union joint than it is for the straight union joint and varies w_th the

nominal size of the connection. Also, the mean diameter of the O-ring must

remain the same as the standard O-ring to prevent extrusion of the Teflon

between the fitting and boss faces. The induced assembly problems were pre-

viously discussed. For service temperatures down to -50°F, the i/4-in., 3/8-

in., and I/2-in. joints required a 55% minimum volume increase for the bulk-

bead joint and a 46% minimum volume increase for the straight union joint.

b. High Temperature Thermal Shock Test

No high temperature thermal shock tests were conducted

prior to the program termination.

7. Repeated Assembly Test

The results of the repeated assembly tests with the connec-

tions tested are shown on Figures N_. 102 through No. 110. The repeated

assembly tests proved the importance of thoroughly cleaning the connection
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and lightly lubricating the male thread before each assembly. Both cleaning

and lubrication were essential in preventing galling of the threads. The

sealing areas of the connection must be thoroughly clean to prevent dust or

other particles from scoring or galling tile critical sealing areas of both

parts of the joint. The thread must be thoroughly clean to remove particles

that may cause galling between threads. Also, cleaning prevents accumulation

of lubrication that can contaminate the system. It further provides more

repeatable axial load (sealing stresses) versus torque relationships in the
connection.

The Conoseal gasket_._ are not reusable; therefore, new gaskets

were used in these connections at eac;_ ass_'mbly. No lubricants were used on the

gaskets and no galling or scoring of the mating surfaces occurred when the

sealing area was thoroughly cleaned before each assembly. The male threads

and the contact area between the nut and the female flange were throughly

cleaned and lightly lubricated at each assembJy. No galling or scoring was
noted in these areas.

The gasket in the Roylyn connection (a hardened CRES material)

is supposedly reusable; however, enough permanent set had occurred after three

to five cycles to cause the gasket to wedge into the connection halves which

made reassembly very difficult. As shown on Figure No. 103, leakage rates in-

creased after the tenth assembly cycle. Some galling and scoring of the mat-

ing surfaces was evident after the twentieth cycle. The male thread and con-

tact area between the nut and the female flange was thoroughly cleaned and light-

ly lubricated at each assembly. No galling was noted in these areas.

The standard flared and flareless fittings also required

thorough cleaning and light lubrication of the male thread as well as the con-

tact area between the nut and the sleeve to prevent galling. The same was

required for the replacement coupling nuts and the Spacetite (serrated nose)
fittings.

Only the Natorq seal and the elastomeric O-ring required

lubrication of the contact area of the gasket. Lubrication is not usually

desirable for gaskets as this prevents intimate contact between the gaskets

and the mating surfaces. However, the Natorq gasket will ga]l the fitting

and even more seriously, the boss surface if a good high compression lubricant

is not used. Lubrication is required on the elastomeric (but not the Teflon)

O-ring gaskets to prevent damage to the O-ring during assembly.

The Voishan conical fitting-to-flared tube gasket usuaJly

"hung up" in the B-nut after the second or third assembly cycle and could not

be removed, llowever, the joint could usually be reassembled in this condition.

This is not desirable from a field service aspect because a second gasket

could be inadvertently installed and cause torque losses or restrictions in
the line.

Both the Voishan conical boss gaskets (VSFI075) and the

Voishan "Scott" boss gaskets (VSFIO68) had suffered some cutting damage after
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two to five assembly cycles. These gaskets were replaced at each assembly in
all subsequent assembly cycles. No lubricant was used on either the nickel or
copper gaskets before assembly and no galling of the mating surfaces was noted.

8. Vibration Tests

Results of those vibration tests completed with various con-

nections are shown on Table XVI. Tests with the swaged fitting, the Wiggins

connector nuts, and the Natorq boss seals were conducted at ambient temperature.

After the initial resonant frequency search, each of these joints was vibrated

for one hour at each of the predominant resonant frequencies. The stresses

encountered at the joint at each of the predominant frequencies was calculated

and is tabulated on Table XVI. Vibration tests w_th the standard flared and

flareless tube connections were conducted at -320°F. The test set-up and

input displacement were designed to provide a predetermined stress at the

connection during these tests. All of the tests were conducted at 1750 cycles

per minute and were continued until a failure or leakage was noted. The dis-

placements and the associated stresses are also shown on Table XVI.

9. Salt Spray Tests

The salt spray testing was discontinued before any useful data

could be obtained; therefore, no data are presented for these tests.

i0. Burst Tests

Bursttests were conducted with only one type of connection

(tt_e Aeroquip "SpaceCraft" Brazed Connection) before the program was terminated. _

The joint tested was a 0.750-in. straight tube union. Tile 0.032-in. wall,

347 CRES tubing burst before failure of the connection with i0 specimens at

7800 psig to 8500 psig during the initial test. The tubing length was reduced

to as short a section as possible with one specimen to induce failure in the

connection rather than the tubing. The connection in this specimen failed at

11,400 psig. Two additional specimens were tested in a tensile test machine

(no pressure) and the tubing failed in a typical tensile fracture at 7160 ib

and 7200 ib with no affect upon the actual connection. These tests are detailed

in a separate report(38).

D. CONCLUSIONS

The most leak-free and trouble-free small tubing connections are

the welded, brazed, or swaged ones. They are also the most lightweight of the

connections. If reliable zero leakage is a requirement, the system design

should be such that these connections can be used although they require space

around the connection to gain access for the assembly and disassembly tools.

If disconnection is desired, the length of the component bosses must be ascer-

tained for a predetermined number of disconnections because most of them have

_38)
ibid.
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to be cut for each disconnection. This extra boss length is not required for

the Aeroquip "SpaceCraft" brazed connection because it can be cut at the fit-

ting itself; then, debrazed, re-dressed, and re-brazed.

The proprietary threaded connecti_,n_ vary witl_ regard to leakage

rate capabilities, reliability, and w_ight d_'pending ]arg_ _y upon the manu-

facturer. Methods for welding, brazing, or swaging the conn,'orion to tl_e tub-

ing can present some problems, but no serious ones were encountered in this

program when normal care was taken in welding (i.e., use of heat-sinks and

careful welding procedures) and the brazing or swaging techniques were in

accordance with the supplier's recommendations. The use of most of these as

component connections is very difficult as compared with the standard threaded

connection. Before these connections are used Jn any system, riley should be

thoroughly tested under the system operating conditions and environment.

Generally, the standard flared and flareless tube threaded connec-

tions are best suited to aircraft hydraulic systems. They are not adequate for

the exotic fluids and hot gas service of space systems. This is particularly

true for the newer high pressure (3,000 prig to 6,000 psig) systems now being

proposed. The "MC" standards may lead to improvements, but no comparison tests

were made before the M-I seal evaluation program was Lerminated. However, it

is the author's opinion that it is difficult to produce a satisfactory joint
with any of the standard connections.

Generally, the replacement coupling nuts and fittings for the

standard flared tube connections did not yield a distinct improvement in the

connection. Actually, in some instances, the connection can be much worse;

however, there wePe a few exceptions to this. Although the Wiggins "DL"

coupling nut did not completely eliminate torque relaxation, the capability

for higher torque without distortion of the nut can reduce leakage problems.

Also, at the higher torque values, the torque relaxation problem is somewhat

reduced. The higher torque induces a problem of distortion in the nose of

the standard flared fitting; the fitting nose tends to distort as the com-

pression load is increased above the standard values. The Globe Aerospace

"spherical" nosed fitting can accept higher compression loads because of added

material in the nose of the fitting. The spherical surface also provides

somewhat higher sealing stresses with the same loading. The Voishan conical

gasket can also solve leakage problems at the fitting-to-flare interface.

However, it induces a new problem because the gaskets can become stacked in

the nut and restrict the lines or prevent proper "grip" of the tubing flare.

In some of the more exotic fluids and the hot gas systems, metal

gaskets between the boss and fitting are usually necessary. Each of the pro-

prietary metal gaskets available for this joint present their own peculiar

problems. All require improvement in the fitting and boss surfaces over the

normal standard requirements if very low leakages are required. Torque re-

quirements for some of these gaskets (i.e., Natorq) cause stresses in the

fitting that exceeds the material yield strength. It is the author's opinion
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that the best concept for this joint is the Voishan conical boss seal.
Although this design does present the problem of gaskets possibly becoming
"stacked" in the bottom of the boss, this problem has less significance than
the problems solved by its use. The torque required does not overstress the
fitting because fitting stresses becamecompression instead of tension. Also,
only the fitting threads are lubricated, which reduces or eliminates the
problem of system contamination with the lubricant. Teflon O-rings can be

used in the standard AND-IO050 boss-to-fitting joint if the service temperature

range is between approximately OOF and 500°F and if tile volume of the O-ring

is carefully designed to completely fill tile gland volu[_e. Different O-rlng

volumes are required for the same size straight union or bulkhead union joint.

Assembly tools are required to fit the O-ring over the fitting threads without

damaging the O-ring.

E. RECOMMENDATIONS

If reliable zero leakage connections are desired or required, the

system should be designed so that the welded, brazed, or small tubing joints

can be used. Each type of connection will require investigation to determine

the clearances necessary around the connection for assembly and disassembly

tools as well as the minimum boss lengths needed for the components if the

connections must be cut out of the system. The Aeroquip "SpaceCraft" fitting

is the only brazed or swaged connection that can be disassembled without

removing a length of the boss or tubing. However, the "SpaceCraft" connections

are currently limited to CRES materials, as are most of the brazed connections.

Specifications and standards should be developed for the brazed connections

because they are well along in their development. These specifications and

standards should include qualification specifications, fitting standards,

tubing (and boss) preparation and requirements standards, cleaning and packaging

requirements standards, as well as assembly and disassembly specifications.

The current "AN" or "MS" standard tubing connections need consider-

able improvement to be satisfactory for most Aerospace systems. These connec-

tions could not be recommended where reliable zero leakage is required. The

"MC" standard connection definitely would be an improvement in the flared

connection because of the improved surfaces in all parts of the connection as

well as improvement over other weaknesses of the "AN" connection. The "MC"

connections are considerably more expensive, which is not the most important

consideration in manrated system, and they still present the same basic problem

as the standard "AN" connection. These are the mechanics involved in loading

of the flare and the possible overstress of the fitting for metal gaskets in

the boss-to-fitting joint. It is the author's opinion that the connection

shown on Figure No. iii would tend to eliminate these basic problems. The "DL"

coupling nut and sleeve provides more direct loading upon the tubing flare.

Also, the "beefed-up" part of the nut, which provides the loading for the

sleeve and flare, permits increased torque over the standard values without

overstressing the nut. The tubing flare would need to be the "MC" standard

or at least an improved standard over the military standard flare. The
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spherical nosed fitting would provide higher sealing stresses with the same

loading (torque) and a slight increase in compression strength of the nose.

One possible problem that could be induced is fatigue of the flare-to-tube

radius from impulse cycling. A standard would be necessary for the boss

(equivalent to the VSD-1000) and the necessary increased torque values for the
boss-to-fitting Joint.

Completion of the statistical testing devised for the M-I Program

is recommended to gain information for comparison with the various types of

connections. The results of this testing could serve as a basis for new

specifications and standards for the welded, brazed and swaged connections,

as well as being used as a basis for improving the threaded connections.

The development of standardized t_t procedures and test methods

is also recommended. It was expected ti_at much of the necessary information

for standardization of test procedures _nd test methods could be obtained

from the statistical testing plan. Connections could be separated as to

pressure rating, system fluid, and other factors. They could also be qualified

with the standardized procedures and test methods. If such a standardized

program were initiated, a more realistic comparison between testing could be

made from tests conducted by different evaluators.
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V. DYNAMIC SEALS

A. TECIINICAL DISCUSSION

I. Basic Requirements for a Dynamic Seal

Ideally, the perfect dynmn_c seal would be obtained in the

same manner as the static seal (complete plastic flow or defomnation between

the seal and mating surfaces) except that it would also be necessary to main-

tain this condition with relative motion between the seal and mating surfaces.

Obviously, the only way possible to achieve this condition would be to have

the mating surfaces absolutely smooth with no irregularities (an absolute zero

PTV surface finish). Otherwise, the interface contact surfaces wo,ld shear at

the start of motion between the surfaces and the seal would be lost. Methods

for sealing one type of relative motion between parts (reciprocating) are

available that'will provide the lowest leakage rates and not require the inti-

mate rubbing contact between the parts. These are the bellows that are welded

at each end to one of the parts, or the flexible plastic or elastomeric

diaphragms. However, in most cases, a satisfactory dynamic joint for a partic-

ular application is the result of a series of compromises between permissible

(and desired) leakage rates, mating surface finishes, flatness, roundness,

hardness, seal materials, and many other factors that can affect the life of
the seal.

The two basic considerations in the dynamic joint design is

the allowable leakage rate and the required operating life of the joint.

Initial leakage rate decreases when the sealin_ stress is increased, but the

life of the joint decreases at the same time. Leakage rate and life of the

joint is also a function of mating surface finish, rubbing speeds, lubrication,

temperatures, pressures, deflection and distortions in the joint, as well as

many other factors. These will be discussed subsequently.

2. Components of the Dynamic Seal Joint

The number of components in the dynamic seal joint varies with

the type of seal (or joint) selected. Basically, there are three parts to the

"contact" joint; the housing, the moving member (which contains the prepared

grooves or surfaces for the seal), and the seal. The controlled clearance

(or labyrinth) joints have no seals as such. Other types of joints require

additional parts or pieces to hold or properly position the seal. All of these

components must be considered together in the initial design of the joint.

Each element of the design depends upon the others to obtain a satisfactory

leakage rate as well as joint life. The seal must be selected based upon the

fluid to be sealed, the allowable leakage rate, wear resistance, operating

t_.mperatures and pressures, as well as the other environmental conditions that

will be encountered in the joint. Then, the mating parts must be designed and

constructed in a manner that will provide optimum utilization of the seal.

Each design selected has definite machining requirements (i.e., surface finishes,
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roundness, flatness, parallelism, and clearances) to provide the desired squeeze,
clearances, and other conditions compatible with the associated leakage rate
and life of the joint. Each design will have definite limitations as regards
the amount of deflection or distortion (which results in such changes as squeeze
and clearances, eccentricities, and parallelism) that can be accommodatedwhile
maintaining the leakage rate and providing the desired life. All of the com-
ponents must be designed to meet these requirements under all operating condi-
tions and environments of the joint.

3. Variables in the Dynaniic Joint

The number of possible variables and combinations of variables

in the dynamic seal joint exceed those possible in the static seal joint.

Essentially, the same variables are present in the dynamic joint as for the

static joint except that they are increased because the relative motion between

parts presents additional factors affecting the operation and storage life of

the Joint (such as friction, galling, surface speeds, heat outputs, and many

other factors). Obviously, it would be impractical to attempt a discussion of

all these possibilities. However, some of the most common designer considera-

tions are presented on Table XVII.

4. Types of Dynamic Seals

There are two basic types of dynamic seals; diametral seals

and face seals. Examples of these two types as well as a combination of the

face and diametral seals are shown on Figures No. 112 and No. 113. As the

names imply, the diametral seal seals between two diameters and the face seal

seals between two faces. Within these two types are subtypes which are clas-

sified according to their use, design, or application. The diametral seal can

be either a "contact" (definite contact between mating surfaces) or "no-contact"

(i.e., controlled clearance, labyrinth, and slingers) seal and its application

can be for rotary, reciprocating, or oscillating devices. Face seals can also

be "contact" or "no-contact" types and they can be applied to rotary or oscil-

lating devices.

i

Uses I Advantages_ and Disadvantages of the Various Dynamir

Seal Types

Each of the subtypes of dynamic seals are inventions for

specific applications. The controlled clearance and labyrinth designs are very

useful in control valves for liquid (i.e., lubricating oils and hydraulic fluid)

systems and provide very low friction, long-life, and reasonable leakage rates.

The materials and hardness of the mating parts must be selected to prevent

seizing or galling and clearances are extremely critical. Usually, the mating

parts are lapped-in pairs for the more critical applications. The labyrinth

(as well as other directed or controlled flow seals) and the "hard-faced" face

seals are the only dynamic seals available for use in extremely high speed

turbomachinery. Again, clearances are highly important for the directed or
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TABLE XVII

VARIABLES AIiD THEIR EFFECT UI'OF_TI{E DYNAMIC SEAL JOIJ";T
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controlled flow types. Materials that prevent galling must be selected for the

"hard-faced" face seals. Also, flatness and finish of the mating surfacesare

extremely critical because face pressure variations can become serious problems.

The stiffness or flexibility of the loading components along with the mating

material can cause "chatter" between the faces at various rubbing speeds.

The discussions in this report are limited to tile low speed

"contact" dynamic seal used in valves and other low speed devices primarily

intended for reciprocating shafts and pistons. Where rubbing speeds are

relatively low, much lower leakage rates can be obtained with the "contact"

dynamic seals. The initial leakage _-_,tc is a function of the interface sealing

stresses (squeeze or interference), mating sucface finish, and relative align-

ment of the two parts. However, the hitcher the sealing stresses, the shorter

the llfe of the joint becomes because tile seal will wear more rapidly. Also,

the higher the seal loading, the greater is the friction. As a result, the

forces required to start and maintain motion increase. Mating surface finish

affects friction, llfe, and the sealing stresses required to obtain the desired

leakage rate. Thus, the problem becomes one of many compromises between mate-

rial selection, mating surface finishes, machining requirements, sealing

stresses (squeeze), friction, as well as many other factors that affect leakage
rates and seal life.

6. Engineering Evaluation

a. Capabilities

Before starting a joint design for a particular applica-

tion, the various types of seals must be evaluated with respect to the appli-

cation. It is necessary to know the available materials and coatings, the

machining requirements, service temperatures, resistance to the fluid being

sealed, required alignment between parts, and many other variables. Informa-

tion of this type was collected for many different types of dynamic seals and

is presented on Figure No. 114. Because this was only a preliminary review, no

special grouping was attempted. The information presented was gained from

available literature, discussions with the suppliers, and catalog information.

The information, while somewhat limited, was used to select the types of gaskets

used and tested. It was planned to conduct evaluation tests with many other

types to gain additional design information, but the program ended before this

could be accomplished.

b. Design Practices

The forces tending to separate or cause leakage and affect

the operating life of the dynamic joint are proof (or burst) pressures and both

external dynamic and static load input (including tension, compression, bending,
and shear load).
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Usually, the joint is subjected to a static differential

pressure above the maximum expected pressure to demonstrate that tile joint can

withstand the maximum expected differential pressure across the Joint at

operating temperatures. Factors are included to compensate for the various

material properties at operating temperatures. In addition, tile housing, valve

body, or other parts of the component can be expected to take system proof

pressure without detrimental distortions or effects upon tile joint. All these

forces must be known to properly design the joint. Tile system proof pressures

and proof differential pressures will depend upon the safety factors desired

for the particular application, but are usually the same as those indicated in

the Static Seal discussion. Generally, the dynamic joint is not expected to

be operable after the application of burst pressure, llowever, if the ultimate-

to-yield strength ratio of any of tile materials of the joint is less than the

ratio of design burst-to-proof pressures, the burst pressure can become one of

the real design loads rather than differential proof pressure. All external

loads must also be scrutinized to determine how they are affected by proof

pressure, operating temperatures and other environments. Compression (or

column) loads, tension loads, bending loads, and shear loads on shafts, pistons,

and other running gear will be extremely important factors in designing for

minimum leakage and best life. Errors and miscalculations in anyone of these

design loads can make the difference between a satisfactory and an unsatisfactory

Joint design.

Some dynamic seal designs can accept differential pres-

sures in both directions across the joint (called bi-directional in this report)

while other types of dynamic seals or joints can take differential pressures in

only one direction across the joint (called uni-directional in this report).

Some design data and methods for eliminating problems with dynamic O-rings and
other squeeze type packing are available in the existing literature(39)(0).

Some information is also available for other types of packings in the existing

literature(41)(42)(43). However, no single reference is available that pro-

vides methods for analysis or the effects of the many variables upon seal life

and leakage rate for all types of dynamic seals or joints. The most complete

coverage of the subject found by the author to date is contained in three

(39)

(40)

(41)

(42)

(43)

Everett, M. H. and Gillette, H. G., "Squeeze-Type" Packings, Product

Engineering Seals Book, Precision Rubber Products, June ii, 1964

Catalog No. 5700, Rubber Products Division, Parker Appliance Co.

Main, M. M. and McKillop, G. R., Simple Compression Packings, Product

Engineering Seals Book, Crane Packing Co., June ii, 1964

Smith, J. N., Lip-Type Packings, Product Engineering Seals Book, Rubber

and Leather Products, June ii, 1964

Shepler, P. R., Split-Ring Seals, Product Engineering Seals Book, Metals

Products Division, Koppers co., Inc., June ii, 1964
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reports(44)(45)(46)
• These documents constitute a literature survey of the

subject of dynamic seals along with some preliminary work for design analysis
of some types of dynamic seals.

The basic variables affecting "contact" seal llfe and

leakage are sealing stresses (load, squeeze, or interference), surface (or

rubbing) speed, surface finish (and lay), and lubrication (or lubrication

qualities) between the two surfaces. Once these factors [lave been determined

to gain the best leakage rate and seal life, the problem becomes one of deter-

mining how the many other variables affect these four basic variables. In one

example, changes in temperature will cause differential contraction between

the parts of the Joint and an associated change in sealing stresses which can

cause galling (over-stressing and resultant change in surface finish) or

separation at the sealing interface and a change in the leakage rate and wear

rate (life)• Another example is the increase or decrease in the mating surface

finish which can cause either an increase or decrease in seal life as well as

either an increase or decrease in the leakage rate. Finally, consider that

operating pressures directly affect sealing stresses and therefore, seal life
and leakage•

If the proprietary seals are selected, the supplier can

provide some information useful to the designate in his preliminary design work.

However, this information is usually not sufficient for making the design final.

The best method for making any of the designs final with existing technology

and analysis is to conduct development and evaluation tests of the selected

joint configuration. These development and evaluation tests should include the

variables of machining, design loads, temperatures, pressures, and other

conditions. Statistical testing methods are a definite aid in gaining the most
information from a minimum amount of testing.

The deflection capabilities of the seal selected must

also be investigated and determined. Types of deflections that can be encoun-

tered in the joint are shown on Figure No. 115. These capabilities also affect

the design of the other parts of the Joint. Some information is available from

several suppliers of the proprietary designs, but usually these capabilities

must be determined by actual testing. Also, these capabilities can be limited

by extrusion characteristics, material modulus, or other factors and will

determine the permissible change in clearance, interference, squeeze, or other
design factors for the mating parts.

(44)

(45)

(46)
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7. Joint Design

The approach in designing a dynamic joint can be separated

into three basic elements: seal selection; preparation of the mating surfaces i

(or grooves); and the shaft, housing (or body), or other necessary component

design. These elements are strongly interrelated, but the approach provides

a somewhat logical step-by-step method for preparing the preliminary design

(or designs) for evaluation, developm_ult, and final analysis. This approach

is used in the ensuing discussion.

a. Seal Selection

The first consideration in selecting the seal materials _

and configuration is the fluids to be sea1_d and the ]oakage rate. The effects

of fluid exposure upon the seal material include all those presented for the

gasket selection in the Static Seals discussion. In addition, the lubricating

qualities (or lack of lubricating qualities) of the system fluid must be

determined. If lubrication with other than system fluids is necessary, the

lubricant must not only be compatible (i.e., not cause violent reactions or

degrade when exposed) with the system fluids, system cleaning fluids, and

materials, but it must remain essentially of the same consistency as the

unexposed lubricant. Lubricants can harden or form hard globules when exposed

to system fluids (or system c]eaning fluids) and/or temperatures. As a result,

they can present the same problems of scoring the contact surfaces as found with

any other particle contamination.

Cold flow, creep, compression set, contraction, extrusion

characteristics, elongation, and other material properties of the selected seal

materi_l at operating temperatures must be investigated as these properties

can affect the sealing stresses at the sealing interface. They can cause

complete failure of the seal material because of mechanical shock, vibration,

and other environments to which the joint may be subjected.

Wear rates as well as static and dynamic friction between

the material at the sealing stresses and surface speeds expected at both

ambient temperature (for simple functional tests) and operating conditions must

be investigated. Sealing stresses can either increase or decrease with changes

in temperature causing a change in wear rates. Friction must be determined at

both temperatures and the larger of these must be included in the loads

required to initiate motion and/or obtain the desired surface speed.

b. Groove or Surface Machining Requirements

After the seal configuration and materials have been

selected, the machining requirements for the mating parts must be determined.

The method of holdlng (or providing proper sealing stresses) determines the

machining requirements and space required for the mating parts. Groove shape

(i.e., depth and width) provides (or affects) the squeeze necessary to gain
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the initial sealing stresses. Eccentricities, out-of-roundness, or waviness
will cause unequal sealing stresses and affect leakage rates and wear rates
(seal life). Surface finishes affect the required initial sealing stresses
(to obtain the desired leakage rate) and friction. This, in turn, affects
wear rates (seal life) and the forces needed to initiate motion and obtain the
desired operating time or surface speeds.

Machining requirements also affect the allowable (or
permissible) deflections and distortions that the seal or joint can withstand
without affecting leakage rates and seal life. These should be thoroughly
investigated to assure that all the requirements are specffied in the detailed
drawings of each part of the joint.

c. Housing, Shaft, and Other ComponentDesigns

The housing (or body), the shaft, and any other necessary
componentsof the joint must be designed and constructed so as not to exceed
the allowable deflection of the seals at all operating loads and conditions.
Differential radial deflections at the joints caused by proof or burst pres-
sures or operating temperatures can cause permanent seal distortion, changes
in sealing stresses (.squeezeor interference), and can affect leakage rates
and seal llfe. Bending or "whip" in the shafts or pistons will cause increased
sealing stress and wear, or lead to galling of the sealing surfaces with eventual
joint failure.

8. Typical Design Problem for Aerospace Service

Good design of the dynamic seal joint is more difficult than

the static seal joint because the movements between members increases the

problems in attaining a good seal and maintaining the seal for the desired life

of the joint. Also, methods of analysis are more difficult and not as refined

as they are for the static seal joints. Good design for dynamic joints requires

as good a preliminary analysis as possible, including complete attention to the

detailed machining requirements and tolerances. Then, complete development

testing must be conducted to gain insights into improved analysis methods as

well as improvements in the Joint before making the design final. The basic

purpose of this discussion is to present one approach to preliminary design

and the desired data from testing before making the final design.

The sample problem is based upon an assumed sliding shaft seal

joint for a valve to be used in liquid oxygen. The known data and requirements
for tile joint are as follows:

a. System Fluid: Liquid Oxygen

b. Temperature: +I20°F to -300°F
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c. Pressures: Nominal Operating = 1500 psig

Maximum Operating = 1850 psig

Proof = 2250 psig

Burst = 3375 psig

d. Type of Operation: Reciprocating Shaft

e. Shaft Size: 2.00-1n. Outside Diameter

f. Materials: Shaft = 347 CRES with a maximum operating

speed of 50-in./sec

Valve Body = 6061-T6 Aluminum

go Maximum Permissible Leakage Rate: 1.0XI0 -4 cc/sec/in.

circumference

h. Cycle Life: 2000 cycles before exceeding pem_issible

leakage rate

i. A secondary (or dual) seal arrangement is also required

for the joint for two purposes; to prove that the primary

seal meets the leakage requirements and to provide a

collector for leakage past the primary seal. The inter-

seal cavity is vented overboard to a safe area.

The seal should be selected based upon its capability to meet

the maximum permissible leakage requirements (including permeability) over the

required cycle life, compatibility with the system fluids, temperature effect

upon the materlal(s), and compatibility with the mating surface materials

(including such considerations as galvanic corrosion, seal/mating surface hard-

ness relationships, and resistance to galling with mating rubbing surface).

Currently, this selection is difficult because insufficient

data exist about leakage capabilities, wear rates (life), as well as other

necessary information for most seal designs. Considerable preliminary develop-

ment testing is necessary to acquire this information. Then, the surrounding

or mating members must be designed to meet all the requirements for the seal

that is finally selected. In this case, the seals selected are the "Omniseal"

shaft seal designs. The Omnlseal is a "pressure-energized," spring-loaded,

Teflon-jacketed seal. The materials are compatible with the system fluids and

experience has shown that they are capable of satisfying the leakage and cycle

life requirements if the joint is properly designed.

Leakage from permeation of the system fluids through the

Teflon jacket can be estimated from gaseous oxygen permeation rates as follows:

A P

Qp = Kp e
1.296 X 10 ll

t .

J
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are used:

(See Appendix A for a definition of all Symbols used.)

Assumingthat the nominal i/8-in, cross-section "Omniseals"

2A -_ 1.75-in.
e

tj - 0.020-in.

P = 2250 psig

Kp at -250°F = 0.07 for TFE (see Figure No. 4). This

value is selected at -250°F, which is the

limit for Figure No. 4. It is assumed

that the value at -300°F would be less.

Then:

Qp =
0.07(1.75_ (2250)

1.296 x i0"

= 2.127 x I0 -8 cc/sec.

The allowable leakage = 1.0 X 10 -4 X 27

= 6.3 X i0 -4 cc/sec

However, if it is required to meet the leakage requirements

at ambient temperatures with gaseous oxygen, the permeation factor changes

to 500 cc/100-in.2/mil/atm-days and leakage from permeation would be approxi-

mately:

500 (1.757 (22507
Qp 1.296 X i0" (0.020)

7.6 X 10-4 cc/sec

As the temperature decreases to operating conditions, the

Teflon Jacket, the shaft, and the valve body contracts. The change in diameters
is calculated from:

ADT = KT D68

The values for KT in he following calculations are from
Figure No. 18 and existing literature (47).

(47) Cryogenic Materials Data Handbook, op. cit.
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The change in the shaft diameter would be:

&D T (shaft) = 2.0 (-2.8 X 10 -3 ) = -5.6 X 10 -3

= 0.0056-in. contraction

be"

The change in diameter of the groove in the valve body would

AD T (groove) = 2.25 (-3.8 X 10 -3 ) = 8.55 X 10 -2

= 0.0085_-in. cnntraction

The unsupported change in the gasket inside diameter and
outside diameter would be:

AD T (gasket I.D.) = 2.0 (-1.8 X 10 -2 ) = -3.6 X 10 -2

= 0.036-in. contraction

AD T (gasket O.D.) = 2.25 (-1.8 X 10 -2 ) = -4.05 X i0 -_

= 0.0405-in. contraction

The body contracts 0.00295-in. or 0.003-in. more than the

shaft and will change running clearances between these parts which must be

accounted for in the body clearance diameter. (Care must be used in specifying

the clearance diameter because if this clearance becomes too large, the jacket

can extrude between the diameters at operating pressure.) The seal tends to

contract into the shaft (increasing sealing stresses and wear rate) and away

from tile body. The seal spring preload and the shaft provides a resistance

to contraction. However, hoop tension stresses do increase in the jacket and

can cause failure under certain conditions (see Section III,C,l,h).

Changes in diameters and clearances caused by pressure must

be determined. This is a particular problem with thin-walled actuators and

flat-plate actuator caps or ends where the shaft feeds through the actuator.

These deflections must be limited to prevent extrusion of the seal, metal-to-

metal rubbing with possible galling of the sealing surfaces, as well as

excessive changes in squeeze (sealing stresses). Deflections of the flat plate

ends can be estimated from the maximum bending stress and deflection at the

gasket sealing edge equations in Section III,A,7,d and deflections in a thin-

walled actuator can be estimated from the hoop stress formulae:

PDi ft D.I
f = --and AD -
t 2t p E

or

p02
1

p 2rE

276



(See Appendix A for a definition of all Symbols used.)

After the layout is completed, a more detailed analysis must

be made. Also, the detailed machining dimensions for the grooves and shaft

must be determined and specified on the drawings.

From this point, it is a matter of extensive development testing
to determine the actual conditions at the joint and to gain additional data for

improving the methods of analysis.

9. Installation and }lan(iJing [>rocedures and Problems

The installation procedures necessary for a particular seal

(or joint) design must be considered in the initial design of the joint.

Proper design practices for the O-ring installation are presented in Military

Specifications (48) and other literature(49)(50). Requirements for the design

and proper installation of joints using proprietary seals must be evolved in

conjunction with the supplier. Many of the proprietary seal designs require

proper design of the mating parts as well as special installation tools,

equipment, or procedures to prevent distorting or otherwise damaging the seal

or sealing surfaces during installation. These must be made available to

assembly personnel along with instructions for their proper use. Cleanliness

of the seal and other mating parts is always extremely important in obtaining

the initial seal at assembly and providing satisfactory seal life.

Proper handling of the dynamic seals is at least as critical

as handling of the static gaskets. In some cases, dynamic seals are even more

susceptible to damage during the various stages of inspection, cleaning, moving,

and storage. The same methods recommended for the proper cleaning, packaging,

and handling of static seals are also recommended for the dynamic seals. In

addition, it is suggested that any lubricant used be mutually agreed upon with

the supplier and applied to the seal before packaging. The effect of moisture

and storage upon the lubricant can be minimized by slightly evacuating the

plastic bags used for packaging of the pre-cleaned seals before the bag is heat

sealed. The reduction of problems in proper lubrication (and the effect upon
seal installation and possible seal life) would be well worth the effort and

initial cost of the operation.

(48)

(49)

(50)

MIL-P-5514, Packings, Installation and Gland Design, Hydraulic, General
Requirements for

Everett, M. H. and Gillette, H. G., op. cit.

Catalog No. 5700, op. cir.
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B. TEST PROCEDURES

A thorough dynamic seal test program was planned during the M-I

Engine Program. This testing was planned for many types of reciprocating seal

designs using a test cell designed specifically for the purpose of developing

and evaluating seals in a size range from .50-in to 8.0-in. diamter. Tests

were to include variances in pressure, temperature, surface speed, friction

(static and dynamic), leakage rates, squeeze or interference (sealing stresses),

life cycling, as well as many combinations of these variables. The basic pur-

pose of these tests was to determine the best configurations for a wide variety

of services as applied to the M-I engine. Also, the test program was designed

statistically in such a manner so as to determine the most reliable conditions

for each type of seal. However, these tests were cancelled because of a

reduction in the M-I Program scope and no data were obtained.

Useful data were collected for two types of seals from the testing

of some components for the M-I liquid hydrogen/liquid oxygen engine system.

These seal types were the proprietary Omniseal and a group of specially designed

lipseals. The components involved were the M-I gas generator oxidizer (GGOV) _

and fuel (GGFV) valves as well as the sleeve-type thrust chamber valves (TCV).

In addition a test cell was fabricated during the early stages of the thrust

chamber valves design and development. This test cell simulated the basic

configuration of the component and was used as an aid in determining the best

configuration for a particular lipseal design for the actual valve. The basic

configuration of the types of seals as well as the component and systems in

which they were used are shown on Figure 116. The configuration of the

actual components (GGOV, GGFV, and TCV) was shown previously on Figures 77,

78, and 79. The thrust chamber valve simulator test cell is shown schematically

on Figure 117. The test procedures used for these tests as well as the component

development tests are detailed in the ensuing discussions.

i. Test Cells

a. Proof Test

The seals were assembled in the test cells and proof tests

were conducted at 1850 psig for three minutes at both ambient and liquid

nitrogen temperatures. The test media used was gaseous nitrogen. The purpose

of these tests was to assure that the Joint would accept proof pressure without
failure or detrimental distortion of the seal.

b. Leakage Test

Static leakage tests were conducted at incremental

pressures between 0 psig to 1500 psig with the seals assembled in the test

cells. The test media used were gaseous nitrogen, liquid nitrogen, and liquid

hydrogen. Numerous static leakage tests were conducted with several seal con-

figurations at various conditions of pressure and temperature during functional

cycling, during friction tests, and at other types of operation.
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c. Functional Cycling (Endurance) Tests

The lipseals were installed into the test cells and
functionally cycled until failure or excessive leakage occurred. These tests
were performed at ambient and liquid nitrogen temperature to gain information
about wear rates at both temperatures. Leakage was monitored at various
numbers of functional cYcles. Cycle rates were adjusted to vary the sliding
speeds between 2-in./sec and lO-in./sec. Pressures applied to the lipseal were

also varied.

d. Friction Tests

Break-away (static) and sliding (dynamic) friction tests

were conducted with some lipseal configurations. A schematic of the set-up

for these tests is shown on Figure 118. Tests were conducted at ambient,

liquid nitrogen, and liquid hydrogen temperatures. The basic method used was
to conduct friction tests with the test cell at ambient and liquid nitrogen

temperatures with all of the seals and equipment installed except for the

lipseal. Then, the tests were repeated with a particular lipseal configuration

installed. Friction for the lipseal was determined from the difference in

friction loads both "with" and "without" the lipseal installed.

e. Burst Test

Burst tests were conducted with the large diameter

lipseals installed into the test cells. It was not necessary that the compo-

nent (or the seals) be functional after this test and the basic purpose of

these tests was to determine whether the seal would fracture or "blow-out"

when subjected to the design burst pressure of 2200 psig at liquid nitrogen

temperature. Pressure was slowly applied to the test cell and held for a
minimum of three minutes. In some cases, the seals were then subjected to

leakage testing before disassembly, but usually the seal was removed and

examined for permanent distortions or fracture locations. If a particular seal

configuration satisfactorily passed this phase of testing without fracture or

failure, a new seal was installed and slowly pressurized at liquid nitrogen

temperature until fracture or failure occurred.

2. Components

a. Proof Tests

Initial static proof tests were conducted with the com-

ponents to prove the ability of the component and various joints to withstand

pressures above operating pressures without detrimental distortion or other

affects. The magnitudes of proof test pressures were dependent upon the

application for the _artlcular component design. Test pressures were gradually

applied over a minimum period of three minutes. Usually, no attempt was made

to record leakage during these tests.
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b. Leakage Tests

Static leakage tests were initially conducted with the

components and at various stages of the component testing and development. The

maximum test pressures were again dependent upon the application for the par-

ticular component design. Pressure was applied in increments up to the maximum

pressure and leakage rates were determined at each incremental pressure.

c. Functional Cycling (Endurance) Tests

Endurance tests were conducted with the component to

demonstrate its capabilities in relationship to design requirements. These

tests were performed at both ambient and operating temperatures. Leakage tests

were conducted at predetermined cycles to gain an insight into the affect of
cycling upon leakage rate.

d. Friction Tests

Some simple total seal friction tests were performed with

the component to aid in determining actuator sizing, the effects of different

loads upon the pressure at which movement starts, and the effects of different

loads upon opening and closing times. The thrust chamber valve tests were

performed to verify the empirical friction data obtained from the ll.0-in.

lipseal test cell. These tests were performed at both ambient and liquid
nitrogen temperature.

e. Vibration Test

Vibration tests were conducted using the gas generator

valve with the lipseals installed (the selected seal configuration). These

tests were performed in accordance with the model specification of the system

for which the component was designed. The primary objective of these tests

was to determine the effect of expected vibration levels upon the internal

mechanism of the component. Leakage tests conducted before, during, and after

the test also provided information about the lipseal capability. The vibration

tests were conducted at both ambient and liquid nitrogen temperatures as
follows:

(i) At ambient temperature, the component was vibrated

in each of the three mutually-perpendicular planes with frequencies from 20 cps

to 2000 cps at ig RMS acceleration.

(2) The above test was repeated with the components

maintained at liquid nitrogen temperatures.

(3) The component was then subjected to a random endur-

ance vibration test in each of the three mutually-perpendicular planes at

liquid nitrogen temperature (-300 ° + 250F).
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f. Hot Firing Test

The gas generator valves were assembled to the mating
hardware with the lipseals installed and actual operating tests were conducted
with the completed assembly with system operating fluids (liquid hydrogen and
liquid oxygen). Eleven tests were conducted.

C. TEST RESULTS

The configurations, part numbers, function, and use of the different

seals tested are shown on Table XVIII. Since these tests were completed, the

dynamic "Omniseal" design has been modified slightly (new Aeroquip P/N ARI0104)

to provide more equal stresses at both contact points and to reduce the over-all

squeeze. It is not known what improvements in performance, if any, have been

gained from this design modification. The specially-designed lipseals for the

gas generator oxidizer and fuel valves provided reasonably satisfactory service;

therefore, no further development was performed with these seals during the

final phase of the M-I Program. Two basic configurations of the ll-in, lipseal

for the sleeve-type thrust chamber valve were evaluated; these were the

"supported" (see Figure 119) and the "unsupported" (see Figure 120). The basic

development of these two types of seals was done in the dynamic seal test cell

(see Figure 117) and the final refinement was made in the actual thrust chamber

valve component hardware. The results of the tests for the different seal

configurations in test cells and components are discussed in the following
paragraphs according to seal type.

i. Omniseals

All tests with the Omniseals were performed during development

and testing of actual component hardware (M-I gas generator oxidizer and fuel

valves). These components are shown on Figures 78 and 79. No attempt was made

in these tests to determine wear rate and friction, or the affect of pressure,

temperature, and other factors upon these variables. Some simple "total"

friction tests (for all of the component seals combined) were conducted to gain

the necessary information for actuator sizing, actuation pressures, and valve

timing; however, these data did not relate to friction performance of individual

seals. Proof, leakage, and functional cycling (endurance) tests were conducted

using the components with the seals installed. The results of these tests are

discussed in the following paragraphs.

a. Proof Test

The 3-3/8-in. and I-7/8-in. Omniseals (primary fluid

seals) were subjected to static proof pressures of 2720 psig. The l-i/8-in.

and ll/16-in. Omniseals (leakage collectors or secondary seals) were subjected

to a maximum of 1500 psig static proof pressure. These tests were performed

with both gaseous nitrogen and liquid nitrogen. No seal failures were

encountered during the proof tests. However, some instances of excessive leak-

age were encountered and these seals were replaced before the leakage tests
were conducted.
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TABLE XVIII

DYNAMIC SEAL CONFIGURATIONS TESTED
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b. Leakage Tests

A total of 35 ambient and 18 cryogenic leak tests were

conducted with the Omniseals. Leakage tended to stabilize (no increase in

leakage with increased pressure) above i00 psig and then decrease to 1300 to

1400 psig at ambient temperature, indlcating that the Omniseal is "pressure-

energized" above i00 pslg. The trend is shown on Figure 121. Leakage at

cryogenic temperature was usually greater than leakage at ambient temperature.

However, the slope of the leakage curve above i00 psig (see Figure 121)

indicates that the sealing stresses still increase with increased pressure

(i.e., the seal is still "pressure-energized") above i00 psig. The change in

characteristics from ambient to cryogenic temperature is assumed to be a func-

tion of the change in material hardness at low temperature. The increased

hardness of the jacket at low temperature would require a greater increase of

sealing stresses with pressure to maintain the same leakage/pressure charac-

teristics. These data suggest that the slope of the leakage/pressure curve

would increase as the jacket material temperature decreases (Jacket hardness

increases); at least down to the glassy transition (Tg) of the Teflon jacket
material.

c. Functional Cycling (Endurance) Test

Functional cycling tests were performed at both ambient

and cryogenic temperatures. Except for the 3-3/8-in. Omniseal, leakage tended

to decrease with functional cycles at ambient temperature as shown on Figures 122

through 125. Leakage tended to increase the first 20 to 30 functional cycles

with the 3-3/8-in. Omniseal. The ambient temperature data (see Figure 122)

above approximately 40 functional cycles was derived from limited tests, but

indicates that leakage would stabilize and decrease to i00 functional cycles.
Except for the l-I/8-in. Omniseal, leakage tended to increase with function

cycles at cryogenic temperature. "Rolling" failures (rotation of the seal

cross-section in the groove as shown on Figure 126) occurred at both ambient

and cryogenic temperature during functional cycling, but most of these failures

occurred at cryogenic temperature. Rolling failures and excessive leakage at

cryogenic temperature was the predominant cause of the limited data above 40

functional cycles. Rolling failures were attributed partially to the critical

assembly requirements (one unit failed during the initial leakage test); however,

even with improved assembly techniques failures occurred at cryogenic temperature.

d. Friction Tests

The total static (or starting) friction was calculated

from actuation pressures required to start motion of the GGFV and GGOV during

functional acceptance tests and from cryogenic functional tests with no pres-

sure applied to the seals. The total friction for the GGFV seals (3-3/8-in.

and l-i/8-in, sizes) was approximately 170 ib at ambient temperature and

approximately 1300 ib at cryogenic temperature. The total friction for the

GGOV seals (i-7/8-in. and ll/16-1n, sizes) was approximately 120 ib at ambient
temperature and 400 ib at cryogenic temperature.

288



I0

I

AVERAGE

LIQUID NITROGEN

Tb2,1PERATURE

200 400

100 300 500

600

PRE,SSUR_ (PSIG)

Flip, re 121

Leakage vs. Preus_re, A_rL!_[er_t ,'.:r_,dLl_<_u:ld Nil, rotten

Temperature (Rekd i_nterlorL:;er_ Omniseal)

_OU



0

,ff

LJ

.Z.
"4

_9

D

100-

10-

1.0-

1,0 x 10 -1"

1,0 × 10 -2-

1.0 x 10 -3-

1.0 x 10 -4"

1°0 x 10 -5.

0

..........

_ __ _ f

/

_/

....... q ....

i
I

i

I0 20

\

I

/

.j_
3O

p i
i l '

r
i

i

']

'l I
I

]
r

!

....... i t-]-i ........
LIQUID NITROGEN TF_IPEt_TURE I

i

-,
i

60 70

I

I

I

I

I
I

I

I
I

I!
I

..--

!II
80 90

J
---° ....... I •

..4 J ---I -- ---

1 ....
100 110

[
I

-- I

.... l

!

40 5O

NUMBER OF FUNCTIONAL _CLES

Fi6ure 12_2

Le-nka_e vs. Number of Functfon,_l Cycles, ]-]/$

"Omniseal" P/N RIOIO_-2]TA]M

'0



1.0 x 10 -5

0 4 8 12 16 20 24
28 32 36 40 44 48

N(_BI_ OF FUNCTIONAL CYCLES

Fi ire 125

L,_'_k,'_qe v,_;. Numl_er o£ FunctLo_b'_l Cycles,

1-y/S-in. "OmnLseal" P/N R/OIO}-IJhAjM
291



"D

CJ

t.9

.I

n."

_9

,-4

.2

t.9
v

1 O0 ........ ._..........

j[(_ ----

1.0

1.0 x 10-Im

I.O x I0 "2

Io0 x IO -3

1.0 x 10 -4

/
/

i

i

LIQUID N ITROGI'24

.,if !

J

, I
I

..... i -- I

i

'f 'E_i'ERATURE

-| ....

I !

i
!
!

AMBIENT TE_tPERATURE

.......... 1
i
J

1..0 x 10 "°

0 4 8 12 16 20 24 28 32

NUNBER OF FUNCTIONAL CYCLES

FiI_u_'e 124

Leakage v_. Number of Function ul C,'_cL,_.;,

l-i/8-in. "Omniseal" P/N RIOIO_-]2L!A_M

36 40



_0 24 28 32

NUMB_ OF FUNCTIONAL CYCLES

......

LIQUID NITROGEN Tt_IPERATURE

I
I

48

Fi,:ure If5

Lc:_kage vs. Number of F[]_[C r :O!/il Cjcles,

ll/16-in. "O,nnLseal" P/N R] IO>-I[SAJM

295



\

\

\

\

\

<-

-]Figure i__6

"Rolling" Failures o_ Omniseals, Ba_sic P/N R]OI05



2. Small Lipseals (3-3/8-in. , 1-7/g-in. , 1-1/8-in. _ and 11/16-in. )

All tests with the small llpseals were performed in conjunc-

tion with development and evaluation tests of component hardware (M-I gas

generator valves which are shown schematically on Figures 78 and 79). No

attempts were made during these tests to determine wear rates anti friction,

or tile affect of temperature, pressure, and other factors upon these variables.

Proof, leakage, functional cycling (endurance), vibration, and actual hot

firing tests with mating hardware were conducted using the components with the

lipseals installed. The results of these tests are discussed in the following
paragraphs.

a. Proof Tests

The 3-3/8-in. and 1-7/8-in. lipseals (primary fluid

seals) were subjected to static proof pressures of 2720 psig. The l-i/8-in.

and ll/16-in, lipseals (leakage collectors or secondary seals) were subjected

to a proof pressure of 2000 psig. The proof tests were performed at both

ambient and liquid nitrogen temperatures. No seal failures were encountered
during these tests.

b. Leakage Tests

The 3-3/8-in. and 1-7/8-in. lipseals (primary seals)
were subjected to incremental leakage pressures of up to 1550 psig. The
1-1/8-in. and 11/16-in. llpseals (secondary seals) were subjected to incremental

leakage pressures up to 200 psig. At ambient temperatures, leakage tended to

decrease with increased pressures above 50 psig as expected because the lipseal

desi_m is considered "pressure-energized." However, at cryogenic temperatures,
leakage tended to increase with increased pressures. The rate of increase with

increased pressure at cryogenic temperatures indicates that the lipseals are
still "pressure-energized." These trends are shown on Figure 127. The

reason for the difference in leakage trends at ambient and cryogenic tempera-
tures is not completely understood. Theoretically, sealing stresses would tend
to increase with lower temperatures because of the difference in contraction

characteristics of the shaft and the lipseal materials. Apparently, lipseal
hardness at the cryogenic temperature conditions is sufficient to require a

greater increase in loading (sealing stresses) to maintain the lower leakage
rates. Also, the stiffness of the section (material modulus) increases as

temperatures decrease thereby causing the section to become less sensitive to

pressure. The leakage rate would return to zero (less than 6.0 x 10 -4 co/see)

75% of the time when the temperature returned to ambient. In all but one case,
leakage was within acceptable limits. However, this single instance of exces-

sive leakage was associated with galling of the shaft sealing surface after
approximately I00 functional cycles.

c. Functional Cycling (Endurance) Tests

Functional cycling tests were performed with the compo-
nent ._t both ambient and cryogenic temperatures. One test series consisted of

a total of more than I00 cycles; half were conducted at ambient temperatures
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and the remainder at liquid nitrogen temperatures. Excessive leakage was

recorded with two seals (3-3/8-in. and l-i/8-in.) after these tests. The

excessive leakage was attributed to galling of the shaft sealing surface caused

by rubbing of the shaft on the valve body clearance diameter. Although no

specific leakage data was taken at various numbers of cycles during these tests,

trends were established from all the functional and operating tests. These

are presented on Figures 128 through 131. Except for the i-7/8-in, size (see

Figure 129), leakage rates tended to decrease initially with functional cycles

at ambient temperature, then increase to 95 cycles. The inverse was true for

the i-7/8-in, size. No apparent reason could be found for this because the

_chlnlng requirements for the mating surfaces were the same, the relative

interference (with respect to diameters) were approximately equal, and all the

lipseals were "scaled" versions of each other. Leakage was usually greater

during liquid nitrogen temperature cycles and even greater still at liquid

hydrogen temperature. No definite wear rate trends were established at cryo-

genic temperatures. In some cases (see Figures 128 and 130), leakage tended

to increase with functional cycles at liquid nitrogen temperature. In other

cases (see Figures 129 and 131), leakage tended to decrease. Leakage both

increased (see Figure 130) and decreased (see Figure 128) with functional

cycles at liquid hydrogen temperature in the GGFV. The increased interference

(from differential contractions) would cause increased sealing loads and tend

to increase wear rates. However, the hardness of the seal increases with

decreased temperature and could improve wear rates to some extent. Also, the

3-3/8-in. seal (Figure 128) is a primary fluid seal (in contact with liquid

hydrogen) and may gain improved wear characteristics by some lubrication from

the fluid. The l-i/8-ln, seal (Figure 130) is a secondary seal that gains

contact with the liquid hydrogen only when gross leakage occurs past the
primary seal.

d. Friction Tests

The total static (or starting) friction for all of the

seals combined in the mechanically-connected gas generator fuel and oxidizer

valves was approximately 6000 lb. The maximum dynamic (or sliding) friction

for all the seals combined in the two valves was determined to be approximately
3800 lb. No attempt was made to determine friction forces for each of the two

valves or each seal, individually.

e. Vibration Test

The leakage on each of the lipseals installed in the gas

generator valves (fuel and oxidizer) was less than 6.0 x 10 -4 cc/sec before

and after the completion of the vibration test at ambient temperature. Maximum

leakage at liquid nitrogen temperature during the vibration test was less than

0.i cc/sec, No seal failures (i.e., crazing or cracking) were encountered
during these tests.

f. Hot Firing Tests

The components were assembled with the mating hardware

and operating tests were conducted with the completed assembly with operating

fluids (liquid hydrogen for the 3-3/8-in. and l-i/8-in, seals and liquid oxygen
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for the I-7/8-in. and ll/16-in, seals), and rated pressures and flow rates.

Eleven hot firings were conducted. There were four failures of the I-7/8-in.

(oxidizer) seal during these tests. The seal crazed or fractured near the

bend (lip-to-flange intersection) radius of tile seal cross-section. No frac-

tures were encountered with any of the other three sizes and the cause of the

failures with this particular (oxidizer primary) seal was never fully deter-

mined. All of these seals were essentially "scaled" versions of each other.

Operating pressures of the oxidizer valve were approxlmately equal to those of

the fuel valve. If contraction resulting from extremely low temperature was

the problem, it would appear that the fuel (liquid hydrogen) seals would be

more prone to failure than the oxidizer (liquid oxygen) seals. Three cases of

excessive leakage were recorded, but these problems were ultimately attributed

to component or seal machining deficiencies and not related to the basic design
of the lipseals.

3. Large Lipseals (ll.0-in.)

Tests were performed with the large lipseal designs for M-I

thrust chamber valves in both the specially-designed dynamic seal test cell as

well as in conjunction with the component development and evaluation tests.

The test cell was designed to simulate the basic valve configuration and most

of the basic lip_eal development testing was performed using the test cell.

The test cell configuration was shown on Figure 117. The final refinement of

tile seal configuration was done in conjunction with the component hardware

development and evaluation tests. Two basic lipseal designs were evaluated;

the "supported" (see Figure 119) and the "unsupported" (see Figure 120).

Tile original ("unsupported") lipseal design failed many times under various

conditions of temperatures, pressures, and interference with the mating sleeve.

These failures were attributed to brittleness at operating temperatures, con-

traction differences in the materials, and the differential pressures across

the seal at the time of valve closure when the sleeve was inserted into the

lipseal. The "supported" lipseal design was then introduced to overcome tile

problems encountered with the "unsupported" configuration. The major objective

of the lipseal development program was to determine the optimum seal-to-sleeve

interference and seal cross-sectional shape which would provide the minimum

leakage, minimum wear rate (best life), minimum frictional drag, and withstand

the forces imposed upon the seal during internal pressurization and sleeVe

actuation. The results of the evaluation of these seals are presented in the

paragraphs which follow. Extensive details of the tests conducted have been

omitted in this report, but specific findings and general trends are included.

a. Proof Tests

Proof tests were conducted using the "unsupported" lip-

seal design in the test cell. Initially, a 2200 psig water hydrotest was

performed that caused excessive deformation of the seals at the point of con-

tact with the sleeve. After the initial ambient hydrotest, gaseous nitrogen

leakage rates were approximately 2.0 x 10 -3 cc/sec/in, of circumference at

ambient temperature between 1500 and 1850 psig, and approximately 2.5 x 10 -3

cc/scc/in, of circumference at liquld nitrogen temperatures. Because 1850 psig
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was a design differential pressure above the maximum expected at operating

conditions across the seal, the 2200 psig ambient hydrotest (actually a burst
test for the seal) was eliminated. No detrimental distortions were encountered

with 1850 psig proof pressure on the seal.

b. Initial Leakage Tests

Numerous leakage tests with several different seal cross-

sections, interference, and other variables were conducted with both the

"unsupported" and "supported" lipseal design. These tests were conducted in

both the test cell and component hardware (N-1 thrust chamber valves shown on

Figure 77). Leakage rates less than 4.7 x 10 -5 cc/sec/in, of circumference

was consistently obtained at ambient temperature with nominal diametrical inter-

ference (between the seal lip and the sleeve) from 0.100-in. to 0.140-in. with

both the "unsupported" and "supported" design. Leakage rates at liquid nitrogen

temperature were usually greater than those at ambient temperatures. Leakage
rates at liquid nitrogen temperature decreased as the diametral interference

was increased as shown on Figure 132. With diametral interferences greater

than 0.130-in., leakage rates at liquid nitrogen temperature were less than

4.0 x 10 -5 cc/sec/in, of circumference over a pressure range of 0 psig to

1800 pslg (before functional tests were conducted) with both the "supported"
and "unsupported" lipseal.

The effect of pressure upon initial leakage depended

upon the cross-sectional shape, interference, and other factors. Usually,

maximum leakage would occur at some intermediate pressure between 0 psig and

1800 psig. That is, leakage would tend to increase up to some intermediate

pressure between 0 psig and 1800 psig and then decrease as pressure was

increased to 1800 psig. In some cases, leakage would reduce to less than

4.0 x 10 -5 cc/sec/in, circumference at 1800 psig. Also, in some cases, leakage

remained less than 4.0 x 10 -5 cc/sec/in, of circumference over the full pres-

sure range between 0 psig and 1800 psig. Temperatures also affected the

"pressure-energizing" tendency of the lipseal. Again, this depended upon
cross-sectional shape, interference, and other factors. For the same seal

design, the pressure at which the maximum leakage rate would occur would differ

at ambient and liquid nitrogen temperatures.

c. Functional Cycling (Endurance) Tests

Functional cycling tests in excess of i00 cycles were

conducted with some of the more promising seal configurations using the

specially-designed test cells. These tests were conducted at both ambient and

cryogenic temperatures. Figure 133 shows the test cell installed in the func-

tional cycling and cryogenic test chamber. Some seals (usually those with the

greatest diametral interference) failed by crazing or breaking before comple-

tion of the desired minimum number of cycles. The craze or break generally
occurred at the bend (lip-to-flange intersection) radius of the seal cross-

section. In some cases, the break occurred at the sealing nub-to-lip inter-

section radius and others progressed from one (lip-to-flange intersection)
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area to the other (sealing nub-to-lip intersection) area. Functional cycling

at both ambient and cryogenic temperatures with the most promising designs was

conducted well beyond the desired minimum cycle life without any crazing or
breaking.

Leakage rates changed during functional cycling depending

upon the cross-sectional shape of the seal, the diametral interference, and

temperature. In general, for a particular cross-sectional shape, leakage

tended to decrease as the valve was cycled at ambient temperature. At cryo-

genic temperatures, leakage decreased for a few cycles and then increased as

the number of cycles increased when the seal interference was small. A typical

example is shown on Figure 134. When the interference was large, leakage

was less initially at low temperature but would increase more rapidly as the

number of cycles increased at both ambient and cryogenic temperatures. Also,

when the interference was large, the problem of crazing or breaking of the
seal became more severe.

With the selected "unsupported" lipseal design, leakage

was still less than 3.0 x 10 -2 cc/sec/in, of circumference at liquid nitrogen

temperature after 26 cycles. Also, leakage was less than 1.2 x 10 -3 cc/sec/in.

of circumference at liquid hydrogen temperature after 38 cycles. Although

these leakage rates were somewhat greater than those of some of the other

lipseal configurations, the selected design ultimately reflected a compromise

between acceptable friction forces, wear rate, and initial leakage. Only the

"supported" llpseal design provided consistently low leakage rates after the

functional cycling.

d. Friction Tests

Friction tests were conducted with the various ll.0-in.

lipseal configurations using the specially-designed test cells. A schematic

diagram of the friction test set-up was sho_1 on Figure 118. The lipseal

friction forces were obtained by first obtaining total friction loads in the

test cell without the particular lipseal installed (but with all other seals

and equipment installed) at ambient and cryogenic temperatures. Then, the

tests were repeated with the particular lipseal installed and the difference

in the two loads was considered the function of the lipseal. Over-all friction

forces obtained with the test cell were not of the same exact magnitude as

those obtained with the thrust chamber valve component because of the minute

differences in the actuation system and body design. However, consistent per-

formance trends were obtained and reasonably accurate friction force magnitude

for the lipseal was determined from these data. Total friction forces obtained

from tests with the actual component (thrust chamber valve) hardware substan-

tiated the results obtained with the test cells. Sliding (dynamic) friction

forces remained constant for both the "supported" and "unsupported" lipseal

designs at velocities between 2-in./sec and lO-in./sec (normal thrust chamber

valve operating speed was 4-1n./sec), but starting (static) friction increased

very slightly as velocity increased. However, for all practical purposes,

both static and dynamic friction remained constant for speeds ranging from
2-in./sec to lO-in./sec.
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Friction forces acting upon the "unsupported" lipseal

increased with increasing pressure at both ambient and liquid nitrogen temper-

atures. The increase is a result of the "pressure-energizing" effect of the

lipseal design. It is primarily the result of an increase in loading in the

seal contact area with a possible change of the friction coefficient. Because

the increase in frlction force was essentially linear with pressure, it is

apparent that the greatest affect upon friction forces results from the increase

in normal loading of the seal lip with pressure. The rate of increase in

friction with respect to pressure is a function of the lip length and section

stiffness. A typical example of friction forces for the "unsupported" lipseal

is presented on Figure 135. Friction forces for any particular cross-

sectional configuration also increased as the diametral interference increased

from O.100-in. to 0.150-in. If friction forces obtained for a particular cross-

section were considered excessive at intermediate diametral interferences

between 0.100-in. and 0.150-in., no further friction tests were conducted with

larger interference values. The selected lipseal configurations were a

compromise between friction forces, wear rates, and sealing capability. Fric-

tion forces were also greater at liquid nitrogen temperature than at ambient

temperature; that is, friction tended to increase as the temperature decreased.

This was expected because the difference in contraction of the lipseal and

sleeve material would tend to increase the normal loading at the seal contact

area.

Friction forces were obtained with the "supported" lip-

seal design at various pressures and aL ambient, liquid nitrogen, and liquid

hydrogen temperatures. Friction forces increased with pressure up to an

intermediate pressure between 0 psig and 1200 psig and then diminished as

pressure was increased to 1200 psig. That is, maximum friction forces occurred

at an intermediate pressure between 0 psig and 1200 psig. The intermediate

pressure at which maximum friction occurred decreased as the temperature

decreased from ambient to liquid nitrogen to liquid hydrogen. Apparently,

the rapidly diminishing rate of change in friction forces above certain pres-

sures is caused by a change in the pivot point from the bend (lip-to-flange

intersection) radius of the cross-section to the contact point between the

support ring and the seal lip. The effective "pressurizing" area changes,

with an associated change in normal loading, with pressure. Also, most of the

resultant pressure load is transmitted into the support ring and at pressures

above the peak friction point tends to reduce the seal-to-sleeve normal

contact load. The shift in the pressure, at which peak friction occurs with

lower temperature, is aided by the differential contraction of the lipseal and

support ring which reduces the clearance between these two parts. Therefore,

contact is made between the seal lip and support ring at lower pressures

because of the reduced travel necessary to make contact between these parts.

Friction forces increased at liquid nitrogen temperature and further increased

at liquid hydrogen temperature as was expected because of the increased normal

load resulting from differential contractions between the seal and sleeve

materials. A typical example of friction forces at various pressures and

temperatures for the "supported" lipseal also is shown on Figure 135.

308



c.J
r_
0

0

U

, !i:!

UNSUPPORTWD LIPSF_,A.L AT

LIQUID NITROGEN TV.LMPE, RATURE

SF,ALPIN 265114

800 1000 1200 140U

PRF._SUi_ (P811 DIFT'E_KNTIAL)

Figure 135

Fricti_,n vs. Pre:;s_Ire at; Various Temperatures, ll-O-in. L:L_>:_(:_I

7 t_._0.,



Friction forces for the "supported" ]ipseal were greater

at low pressure than for the "unsupported" lipseal. However, because of the

diminishing friction characteristic of the "supported" lipseal, tile friction

forces are considerably less for the "supported" l_pseal above I000 psig at

liquid nitrogen temperature. Friction is approximately equal for both config-

urations at approximately 900 psig and liquid nitrogen temperature.

The increased friction and the increased rate of change

in friction at liquid hydrogen conditions over those at liquid nitrogen con-
dition also is of interest. It was theorized that friction would not increase

as much as would be expected based upon differential contraction because liquid
hydrogen would serve as a lubricant. The results of these tests indicate that

this may not be true, at least with the material (KeI-F and hard-faced
Inconel-X) involved here.

e. Burst Tests

Burst tests were performed with the large diameter lip-
seal designs in the test cells at liquid nitrogen temperatures. The

"unsupported" llpseal failed at pressures of 2400 psi_ and above. The expected

failure pressure (based upon calculations and previous data obtained by test)

was 2300 psig. No failures occurred at design burst pressure of 2200 psig.

Failures were the result of breaking at (or near) the bend radius of the lip-

seal cross-section. A typical example is shown on Figure 136.

Six separate attempts were made to fail the "supported"

lipseal at liquid nitrogen temperature. The maximum capacity of the system

was 2920 psig. No lipseal failures occurred at the maximum system pressure.

After the burst test, the test cell was actuated and the system operated

normally. Leakage from 0 psig to I000 psig pressure was excessive, but was not

considered abnormal after the burst test. No crazing or cracking was experi-

enced on any of the seals tested. A typical example of the seals and support

ring after these tests is shown on Figure 137. Upon the basis of these tests,

the failure point of the "supported" lipseal design was expected to be well
over 3000 psig at liquid nitrogen temperatures.
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D. CONCLUSIONS

The lipseals provided more satisfactory and reliable service than

the Omniseal for the liquid hydrogen and liquid oxygen applications of the M-I

gas generator valve dynamic seals. Static and dynamic friction loads were

smaller for the Omnlseals, but leakage and wear rates were much lower for the

lipseals. Assembly problems and rolling failures were the usual difficulties

encountered with the Omniseals and these contributed to leakage rates in

excess of the maximum permissible values for this application. Lipseals must

be designed to eliminate "cracking" failures. The "cracking" problems encoun-

tered with the lipseal in one area of the M-I gas generator oxidizer valve were

attributed to inadequate support and/or seal strength at the lip-to-flange

intersection of the seal. Excessive leakages were always associated with

galling of the shaft sealing surface because of contact with the mating clear-

ance diameters, or overstroking (caused by improper settings) of the valve
shaft.

Lipseals for large diameter shaft applications can be made to per-

form satisfactorily in liquid hydrogen .ind liquid oxygen systems. Careful

selection of materials, seal cross-section, interference, and other machining

factors are required. The selected, specially-designed lipseal for the ll.0-in.

(M-I thrust chamber valve) sleeve application performed satisfactorily, but it

appears that lipseal designs need special design consideration for each appli-

cation. The "supported" lipseal design performed better than the "unsupported"

design. Each design ultimately is a compromise between friction, wear rate,

leakage rate, and other factors depending upon the application and require-

ments. Considerable additional testing would be required to develop methods

of analysis for other applications and requirements.

E. RECOMMENDATIONS

The lipseal design is recommended for "contact" seal applications

with reciprocating shafts in liquid hydrogen and liquid oxygen systems. The

lipseal design has also been successfully applied in nitrogen tetroxide and

AeroZINE-50 K systems (Titan II and III).

Additional testing should be performed with the lipseal designs as

well as the other types of seals for the primary purpose of developing methods

for analysis and standardization of the various types of seals. The statis-

tical testing plan originally proposed for dynamic seals development during

the M-I Program was devised to gain information for analysis and standardiza-

tion. Because almost all of the hardware required for this program was fabri-

cated, it could be used for such an evaluation program without the usual time

necessary for procurement of long-lead hardware.

Standardization of the machining requirements (grooves) for some

types of seals is also recommended. Groove standardization would help to

eliminate many of the machining variables in the dynamic Joints. Also, less

R Registered Trademark, Aerojet-General Corp.
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work would be required for the development of the various types of "contact"

seals for many applications. With the current technology, it is difficult to

determine Just what is the best machining requirement for each of the various

types of seals. However, for the types requiring grooves similar to the O-ring

grooves, machining requirements could be based upon _L-P-5514 as a starting

point. Standards for lipseals and the many other configurations could even-

tually be made if sufficient methods for analysis and testing were available

for the many appllcations. Suppliers of these types could then develop seals

for the many applications with kno_1 nu,chining requirements. Specifications

and part standards could then be made for the mating seals based upon pres-

sures, operating fluids, temperature range, surface speeds, and other factors.

Known values of friction, wear rates, and other factors could then be supplied

to the designer for a particular application.

The seal and groove standards also suggest the necessity for

improvements and possible standardization of test procedures as well as test

methods. Standardized test procedures and test methods would provide a better

basis for comparison while supplying additional information for the develop-

ment of methods for analysis of the various applications and types of seals.

A very good literature survey and some preliminary analysis methods have been
started(51)(52) but considerably more work needs to be done in this area. The

real problem is that no valid basis for comparison of the various types of
seals for the various applications is available.

(51)
(SZ)

Final Report, Contract NAS 7-102, February 1962 to February 1963, op. cit.

Final Report, Contract NAS 7-102, February 1963 to November 1963, op. cit.
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APPENDIXA

SYMBOLS AND NOMENCLATURE

A
e

A
g

ab

B

D68

Dgi

D
go

D
C

Dbc

DF

Di

D
P

D
s

D
t

db

d
C

&DT

ADp

E

F

F
g

F
gm
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= Exposed area of gasket (in. 2)

= Gasket stress area (in. 2)

= Stress area of each bolt (in. 2)

(. psi
= Bolt factor lb/in. )

= Diameter at 68°F (in.)

= Gasket I.D. (in.)

= Gasket O.D. (in.)

= Minimum permissible (equivalent) flange diameter for bolt
clearance holes (in.)

= Bolt circle diameter (in.)

= Flange O.D. (in.)

= Flange (or tube) I.D. (in.)

= Mean diameter of primary gasket (in.) (or mean sealing surface

diameter primary gasket)

= Mean diameter of secondary gasket (in.) (or mean sealing surface

diameter secondary gasket)

= Tub_ O.D. (in.)

= Bolt diameter (in.)

= Bolt clearance hole diameter (in.)

= Change in diameter caused by temperature changes (in.)

= Change in diameter caused by pressure (in.)

= Modulus of elasticity (psi)

= Allowable stress (psi) (usually = minimum material yield strength)

= Required initial gasket seating stress (psi)

Minimum permissible gasket seating stress after applying initial

gasket seating stress (psi)



Appendix A

Fb

f
g

fB

fT

hf

h
m

hminF

hmin6

WA

W B

Wb

W
g

Wp

w T

wA

wB

wb

W

g

Wp

= Allowable combined stress in the bolt (psi)

= Calculated gasket seating stress (psi)

Calculated bending stress (psi)

m Calculated tensile stress (psi)

= Female flange thickness (in.)

= Male flange thickness (in.)

= Minimum required flange thickness based on permissible stress (psi)

= Minimum required flange thickness based on permissible deflection
(in.)
Permeation factor at operating temperature

(cc/100 in.2/mil/atm-day)

= Coefficient of thermal expansion (in./in. @ maximum temperature
excursion from 68°F)

= Design load caused by externally applied axial tension (ib)

= Design load caused by external bending moments (lb)

= Total axial load supplied by each bolt at specified torque (Ib)

= Total required gasket seating load (ib)

= Design load caused by internal pressure (psi)

= Total design load (ib)

= Design load intensity caused by externally applied axial tension
(ib/in.)

= Design load intensity caused by externally applied bending moment
(ib/in.)

= Axial load in the bolt for one in.-ib torque (lb/in.-ib)

= Required gasket seating load intensity (ib/in.)

= Design load intensity caused by internal pressure (ib/in.)
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wT

M

m
o

n

P

qp

Sb

sb

t

t
g

t.
3

T
max

Tmin

6

a

" Total design load intensity (Ib/in.)

Length of leak path in direction of ]eakaze flow = nominal

thickness of gasket exposed to fluid (in.)

= Externally applied bending momen[ (in.-ib)

= Flange section bending moment intensity (in.-ib/in.) at the

Junction of the tube and flange

= Number of bolts

= Proof pressure

= Total leakage from permeation (cc/sec)

= Calculated combined stress in the bolt at specified torque (psi)

Combined stress in bolt for one in.-ib torque (psi/in.-ib)

Tube wal'l thickness (in.)

= Gasket thickness or free height (in.)

= Nominal thickness of the jacket exposed to the system fluid (in.)

= Maximum permissible torque on bolts (in.-ib)

= Minimum specified torque on bolts (in.-ib) (assumed = .9 Tmax)

= Flange deflection (in.)

= Allowable flange deflection (in.)
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APPENDIX B

DERIVATION AND USE OF BOLT FACTOR "B"

The maximum permissible bolt spacing _s dependent upon the stiffness

of flange(s) between the bolts. The flange(_) must be sufficiently stiff to

prevent excessive deflections ("bowing") between bolts so that the minimum

permissible gasket seating stresses are maintained when operating loads are

applied. Bolt spacing for heavy duty flanges (i.e., Boiler Code Flanges with

safety factor of 8 to I0) can be quite large because the flanges are stiff

and flange deflections are minute. With larger spacing, a lesser number of

large bolts is required and this is an advantage with regard to assembly time

and effort. However, in flightweight joint designs, the optimum bolt spacing

is one that permits the smallest flange thickness (stiffness) and smallest

flange diameter without excessive deflection ("bowing") between bolts when

operating (or design) loads are applied. In general, the flanges will be

lighter with the smallest bolt spacing, but, in practice, this is limited by

bolt and head and nut diameters as well as space requirements for tools used to

tighten the bolts or nuts. For preliminary work, the most practical limit is

approximately three times the bolt diameter; therefore, the number of bolts

required for this case is a function of the bolt circle diameter (Dbc) and

the bolt diameter (db) or:

Db. .c

n = 3 db Eq. (i)

(Appendix A is a listing of the symbols and nomenclature).

The most important consideration in selecting the size and number of

bolts is to assure that the required axial tension load is attained during

tightening without overstressing the bolts. Table V in the text of this

report provides maximum combined stress (accurate within a few percentiles)

and the axial load that can be attained (80% to 90%) with various sized bolts

and screws for each inch-pound of torque applied to the nut. The maximum

permissible torque (Tmax) is a function of the permissible combined stress

_r(Fb) on the bolt or:

Fb
T - Eq. (2)
max sb

The minimum torque (T . ) specified in the assembly procedures is
usually approximately 90% ofm_e maximum torque or:

i

- Eq. (3)Tmi n .9 Tma x
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If the nominal values of load per each inch-pound torque (Wb) presented in
Table V is used for preliminary design work, the minimum axial load attained
in each bolt would be:

Wb = Tmi n x w b Eq. (4)

The total restraining (or clamping) axial load supplied by all the bolts

(n x Wh) must be equal to or greater than the design separating loads induced
in the-flange:

n Wb = W T Eq. (5)

Therefore, the number of bolts required is:

WT
n _

W b
Eq. (6)

Combining Equations (2), (3), and (4) and solving for Wb:

Fb

W b = .9 Sb wb Eq. (7)

By substitution in Equation (6), the number of bolts required based upon
permissible combined stress from torque on tile bolts is:

WT sb

n = .9 Fb w b Eq. (8)

Equations (i) and (8) are approximate equalities because the number of bolts

required for the best practical bolt spacing must be approximately equal to

the number of bolts required, based upon permissible combined stresses from
applied torque on the bolts. Therefore:

Db.c. WT Sb

n = 3 db - .9 Fb wb Eq. (9)

By rearranging the terms, all of the known factors concerning the bolt size

and threads can be equated to factors pertaining to the flange loads and con-

figuration, and the combined stresses permissible with the selected bolt
material.

sb .942 Db.c. Fb

% wb - WT
Eq. (10)
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The known terms pertaining to the bolt (left side of the equation) provide a
different constant for each bolt size and thread type. This constant is
called the bolt factor "B":

sb
B = db _b Eq. (ii)

The bolt factor is approximately equal to the other terms in Equation (i0) per-

taining to the flange (design) loads, bolt circle diameter, and the combined
stresses permissible with the selected bolt material:

B =
.942 Db.c. Fb

W T
Eq. (12)

The bolt factor can then be estimated from Equation (12) after the total flange

design loads have been determined, the bolt material selected, and the pre-

liminary layout has progressed to the point where the bolt circle diameter can

be closely estimated. From this, the size and thread type can be selected from

Table V in the text of this report. This size and thread type should closely

satisfy the requirement for reasonable bolt spacing and the permissible combined

stresses attained during tightening of the bolt.

The minimum number of bolts required can be calculated after the bolt

size and thread configuration have been selected by using the actual bolt factor

and bolt diameter (_b) given in Table V and Equation (14). The equation is
derived from Equation (8) as follows:

sb B wb

If B = db _b , then sb = db
Eq. (13)

Substituting in Equation (8) and simplifying:

W T B

n --
.9 Fb db

Eq. (14)

The number of bolts used should never be less than the number calculated from

the formula. The torques to be specified can be calculated from Equations (2)
and (3).

This method of bolt selection affords a reasonable starting point in the

preliminary design. However, the torque-axial tension load relationships mu_t
be determined by actual tests with the flange and bolt materials as well as the

lubricants to be used. These values must be used in the detailed analYsis

before making the joint design final. The bolt stresses calculated by this

method is reasonably accurate providing there is no bending induced in the

bolt during assembly or operation of the Joint.
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5.

f).

7.

I)IMI'iNSh)NF, AILt.] IN INCIH:;S.

D4TEH, PRKT DRAWING PER 5FAND'_RI_; l'l_i-L,(,HIi_H;)IN .MII,-D-703,'.7.

FIlE DIMFTNSI(.)IN. _, AND NOTES StI('_V_-N I-'()R I tHE MALl" !,'l AN(;I.. 5IIALL P,E SPEGIFIED ON

I£ NGINi.A:IRING I)RAWING,

3¢) P,F ,qPla'CIVII.TD ON F NGIN'i£1, PINe; I)J¢ .'t_AIN¢;, FlU; rHAM!.II'EI_. SIIAIA, t',E k:_UAI, I"O OR

l,l:v, _, IItAN "B" i)lAN11-;l l-;l(b ,'_t'l.(.ll.'ll]t} 1N I'AP, I,i; | l'llht! IV,

I{HI_()VE kl,l. l'.klb_H,_i AN[)_;ilAI._P I;j)_H-T£ I(<)II_V;kI.ISNi J(* .O0r_/.015 t_.ADIIJS lr,"a L}.:_SS OTI-IEI{-

"_', 1_5 i i SI_'E (;I F'It. I).

Ai."lk;P. MACItlNING, TtlF7 MACli!INI-:I:, Ai:_i .,'d-;_t," i}ii, _]I'._VE MUY, T DE PP.OTECTED WITIi

Al't a¢(_i'R_A-i't£ t-_I,A!,I i¢: ( ()Vt_I'.'-_ _,,q i'i Ih-;i IN _!_!_'£P: ['_ tq'.r \'i£Nf DAMAGE I'O rile

MAGI INi.2I) _! !2\5 oi Fl[iC (H{{_,)\:i . _' _!i I2_]:[VI , (1V- !_, (_lt i_LUG MUST BE INSTALLED

AT ALL [[ .I :_i ;',tlII3U NOF i;Idib;(; i l,' ,',I I ', V,t_ilgl_l)ON.

At"_i a '1.'_H_ININ(_;, 'I'tt?" M/\CII[7,_, ", ' .-'!_ _._ ; _ _ _;I¢C)(_VI:F, MUST Bt'2 INS}'EC,'i'F;t) Tt) FIlE

AI'PLF:AI',LI DAS}t NUMt;I£R I_IM}.,,;:,I,_', , 1N ',: , _ , :!h,',,N(;}£ WII'H AC_'2-S'I l)-48,6').

FI!I:-, 5,t_P,k ,,\(ii'" St?Ai.[, I',E t.'Ht£1,1 k)t' :_ ti _ ,',, (:!i.&l i I£1,: I'.{,',.RKS. ANI) F'LAWS; ANI) "4(', RAIHAL

('_l_ _,!'if_,", I, S(;t(/\TCtlES' SC()I,_[';_,, I,'I_'; i _, Elf. ,, Ai<i_ }'k_ilMITTEI.) EXCE.EDING SUHEACE

p.t)U<Hi>at:,S5 }tI£I(,IFI' P.A ['lP,IG INI)[_SA It,I).

I-;NC. IHL} }{IN(, ;Nt. ORMAI'ION:

1, iYI>U.;/. _. I)RA_ING CALI.OU F:

MAC_ii_'_}- t°ER AS[) 523Z A 1"_0

• IMIN.', 1. /:,0 i)IAMt:;TER

....... ]YL,. ,'"

(ii{OOV_ :_]},li£N:-,I()NS-STATIC FACE SEAL, INTERNAl.

I't/. _': S:;1 !_< :,

• . ,)O N_ USE UNASS[GNEI) I)ASI! Ni,), , i.H,%,

"--/Q;'_ ,'Ill:, '.R_A ON MALE" I"I,ANCiE Ot't'(),'-';[T_' I'I11:2 GI-_t_)V_£ _.._;.r,_;'[ ' P,E _ F1NISfl AND MUSi'

- (_Vt. T _.k' ON BOFll S_DES ()F ACTUAL (;i_()OVE WIt)'/ 1t 1'() ,a,l.l,OW F()R MAXIMUM

MISi', ', ICtt ()E EI_ANGES.

7 I5; IMD]qRATIVE THAT "FItESE I)IMt,'N/{I()_-_S BE MF;T I,'C,I{ I'I;1OPEP. SEALING OF "FILE JOINT.
it"

ANY DKVIATI()N FROM TI1ESE; 1)IMI£NSIONS AND TOLERANCI;_S AS SPECIFIED WILl. CAUSE

I.EAKA(iE ANI)t()II. ULFIMA'IE JOIN i" VAII,Uf.:.E.

5.

(d.

IF AI,I.O_AP, I.E I.EAKAGE RATIFS W[lti I{EI.IU/_.I OR IIYI)I_,OGEN IS L}"SS "I'tIAN 1.0 x 1. O "Z

S I'ANDAI'_D CC/SEC, AI.UMINUM (IP.(_)()VI";S CANN()T BE ANODIZED ._ND PASSIVATION Ot;" Tttt'7
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V,' lb E sPECIFIED.

6. Ai.-yiriK h_ACIIINING. i-_,_-: I.IAC.; iT.i:., ARHA:, OF "/'lie GROOVE MUST BE PI(OTEGTED WITH

App_(-)pRiA£E pI.AS-I'IC COVE,C;,Ot£ PLUG:_ iN ORDER TO pI(EvENT DAMAGE TO THE

MACII_NI-_D ,\AEA5 Ok Tile (;i_OOVt;. pilOYEC'flVE COVIgRS OR PLUG MUST BE I_STALLI;D

AT ALL TI_,'IES WIIILE NOT DZ;ING I-_IIYS ICALLY WORKED ON.

7. AFTEP, },,IAC}{I;IiNG, TIIE k_ACIlINED AREAS OF THE GROOVES MUST BE INSPECTED TO TH]_

APPLICABLE DASH NUMI3E/¢. DIk4ENSIONS IN ACCORDANCE W/TH AGG-STD-4869.

TiIi5 5URI.'ACE 5}IALL DE FREE Of-" 5TEI nS, CHATTER MARKS. AND F'LAV, S; AND NO RADIAL

OF. 5PII',AL SCRATCHES. 5COAE5. DENTS, ETC., ARE pERMITTED EXCE_,DING SURFACE,

ROUGIiNI;SS HEIGHT RATING ;.NDIGATI_D.

ENGhN_;EILING INFORMAT ION:

i. TYPICAL, DRAWING GALLOUT;

•- NOhl;/';AL .094 CROSS-SECTION

NOMINAL 1.56,_ DIAMETER

STYLE A

-GROOVE DIMEIqSIONS-ST_TIC FACE SEAL, EXTERNAL

pRESSURE

/. bO NOT USE UNASSIGNED DASii NUMBERS,

T_{;S AREA ON MALE FLANLI] OPPOSITE TiiE GROOVE MuST BE 3Z/C "FVNIgH .'..ND MUST

G VL_RLAP ON BOTH SiDICS OF ACTUAL, GP.OOV_ WIDTtt TO ALLOW FO_ ;.;.' ; ,,_M

MISMATCH OF FLANGES.

IT IS Ih(PEB.ATIVE THAT THESE DIk'ENSIONS BE MET FOR PROPER SEALING OF T}I_, ,;.'>INT.

G &%.'; F)_,_VIATION FROM TI.FrLSE DIk_ENSION3 AND TOLERANCES AS SPECIFIED _[LL CAUJE

LEAI_AGE AND/OR ULTIM.ATE JOINT FAILURE.

6,

®©

i)

i -)

IF ALLOWABLE LEAKAGE RATES %vIT}! }[EL[UM OR HYDROGEN IS LESS THAN 1.0 x i0 "z i r-,

STANDARD GC/SEG, ALUMINUM GROOVES CANNOT BE ANODIZED AND PASS|VATION OF Tl,_ j

VAJGOUS 300 SERIES CRES GROOVES MUST BE GA,P,_FULL'_ CONTROLLED TO pREVENT

]_INUTE SURFACE PITS AND POROSITY.

THIS AGG DESIGN STANDARD TO BE USED IN GONJUNCTION WITH AS40"/3, AS40"/6. AS'i0"/5.

A54076, AS4077, AND AS407fl SERIES OF SEALS.

DEPTI{ ON THE MALE FLANGE MUST BE EQUAL, OR GREATER THAN TIIE DEPTH O,_4

TIIE FEM, ALE FL,ANGE. (MUST "BOTTOM OUT" AT FLANGE I.D. FACES.)
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